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(54) Optical functional devices, integrated optical devices, and methods for producing such 
devices 



(57) An optical functional device includes a semi- 
conductor substrate(l), an optical functional layer pro- 
vided on said semiconductor substrate and selected 
from the group consisting of a light emitting layer(42) f a 
light absorbing layer(45), and an optical waveguide 
layer(4l). The optical functional layer has a multi-quan- 
tum well layer(6). Preferably, the semiconductor sub- 
strate(1) is a nonplanar semiconductor substrate having 
a ridge(3) and two grooves(4) adjacent said ridge, said 
ridge having(3) a ridge width(dw) of from 1 to 10 urn, a 
ridge height(h) of from 1 urn to 5 urn, and a gap dis- 
tanced) of from 1 urn to 10 urn. Such an optical func- 
tional device can be fabricated by growing, on a 
nonplanar semiconductor substrate(l) having a speci- 
fied dimension of the ridge(3), a strained multi-quantum 
well layer(6) by metalorganic vapor phase epitaxy. Inte- 
grated optical device or circuit preferably includes an 
optical functional device on the nonplanar semiconduc- 
tor substrate(l) of a specified range of ridge shape fac- 



tors. An integrated optical device can be fabricated by 
combination of a plurality of optical functional devices 
having slightly different compositions and including a 
part of a strained multi-quantum well layer (6) monolith- 
ically grown on a nonplanar semiconductor sub- 
strate(6). 
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© Optical functional devices, integrated optical devices, and methods for producing such devices. 



© An optical functional device includes a semicon- 
ductor substrate(l), an optical functional layer pro- 
vided on said semiconductor substrate and selected 
from the group consisting of a light emitting layer- 
(42), a light absorbing layer(45), and an optical 
waveguide layer(41). The optical functional layer has 
a multi-quantum well layer(6). Preferably, the semi- 
conductor substrate(l) is a nonplanar semiconductor 
substrate having a ridge(3) and two grooves(4) adja- 
cent said ridge, said ridge having(3) a ridge width- 
(dw) of from 1 to 10 urn, a ridge height(h) of from 1 



urn to 5 urn, and a gap distance(dg) of from 1 urn 
to 10 urn. Such an optical functional device can be 
fabricated by growing, on a nonplanar semiconduc- 
tor substrate(l) having a specified dimension of the 
ridge(3), a strained multi-quantum well layer(6) by 
metalorganic vapor phase epitaxy. Integrated optical 
device or circuit preferably includes an optical func- 
tional device on the nonplanar semiconductor 
substrate(l) of a specified range of ridge shape 
factors. An integrated optical device can be fab- 
ricated by combination of a plurality of optical func- 
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tional devices having slightly different compositions layer (6) monolithically grown on a nonpianar semi- 

and including a part of a strained multi-quantum well conductor substrate(6). 




FIG.1A 

(PRIOR ART) 



2 



1 



EP 0 617 471 A2 



2 



The present invention relates to semiconductor 
optical functional devices which can be used in the 
field of optical communication and more particu- 
larly to a plurality of optical functional devices 
which have light emitting or receiving wavelengths 
that differ slightly one from another. The present 
invention also relates to methods for producing 
such devices. Optical functional devices include 
light emitting devices, light detecting devices, op- 
tical waveguides, spot-size converters, wavelength 
converters, optical couplers, optical splitters, etc. 
Making the most of their wide band and high 
directivity, semiconductor light emitting devices 
can be used widely and are applicable to light 
sources for optical measurement, integrated light 
sources, wavelength-tunable light sources, light 
sources for optical communication, etc. For exam- 
ple, semiconductor light emitting devices are used, 
in the field of optical communication, as a multi- 
wavelength integrated light source which allows 
high density communication in the order of terabit, 
while in the field of optical measurement, they are 
useful as light sources for fiber gyros or OTDR 
(optical time-domain reflectometry). 

Further, the present invention relates to semi- 
conductor integrated optical devices which can be 
used in optical processing such as optical informa- 
tion processing and optical switching and more 
particularly to an optical integrated device which 
includes a semiconductor substrate having pro- 
vided thereon at least one semiconductor device 
having optical transmitting and receiving functions. 
The present invention also relates to a method for 
producing such semiconductor integrated optical 
devices. 

In coping with increasing sophistication of op- 
tical communication systems or methods, there has 
been progressing investigation on an optical in- 
tegrated circuit which includes a semiconductor 
substrate having arranged thereon a plurality of 
optical functional devices such as a light emitting 
device, an optical waveguide, and a light detecting 
device and which enables processing of many op- 
tical communication signals at a time en bloc. In 
order to provide an effective optical integrated cir- 
cuit, it is of urgent necessity to develop optical 
functional devices that can process a plurality of 
optical beams having communication wavelengths 
which differ slightly one from another. Therefore, 
there is a keen desire to develop an optical func- 
tional device which includes a semiconductor sub- 
strate having provided thereon a plurality of light 
emitting devices having oscillating wavelengths 
slightly different from each other. 

As for the method for varying oscillating 
wavelengths of light emitting devices, there has 
been generally used, for example, a method which 
uses a DFB (distributed feedback) laser diode or a 



DBR (distributed Bragg reflector) laser diode whose 
semiconductor multilayer has incorporated therein 
a plurality of diffraction gratings of various fre- 
quencies corresponding to their oscillating 
5 wavelengths, respectively. However, this method is 
disadvantageous in that the variation of wavelength 
is limited at most to a range of about 100 nm since 
the range of wavelength in which a single light 
emitting device can oscillate depends on the os- 

70 cillating region of the active layer, i.e., gain width, 
and that the oscillating characteristics of the light 
emitting device varies depending on the 
wavelength range. 

Also, there has been used a method in which 

75 the oscillating wavelength of a semiconductor is 
varied depending on the temperature by making 
use of temperature dependence of its bandgap. 
This method, however, is disadvantageous in that 
the response of the device is relatively slow, the 

20 device is not suited for integration, and the oscillat- 
ing characteristics of the device other than oscillat- 
ing wavelength also vary concomitantly. 

On the other hand, in order to slightly vary the 
oscillating wavelength characteristics or wavelength 

25 sensitivity characteristics of light emitting devices 
or detectors, respectively, arranged on a semicon- 
ductor substrate two-dimensionally, it is usually 
necessary to fabricate semiconductor layers having 
crystal compositions corresponding to respective 

30 wavelengths. According to conventional semicon- 
ductor growth technologies, a plurality of semicon- 
ductor layers having crystal compositions slightly 
differing from each other have been fabricated on 
the same semiconductor substrate by repeating 

35 growth of a crystal several times. 

Several methods have been proposed or tried 
which grow crystals having different light emitting 
characteristics on the same substrate. However, 
none of them is a decisive technology which is 

40 superior to the method that involves repeating 
growth several times. 

For example, as the method in which in order 
to vary wavelengths of a plurality of optical func- 
tional devices, the widths of the respective active 

45 layers are made different slightly from each other, 
there can be cited, for example, a method in which 
there are arranged on a semiconductor substrate 
stripe masks made of an oxide or nitride film 
having predetermined widths corresponding to 

so those of active layers or optical waveguides to be 
fabricated, and crystals are grown between the 
stripes (usually referred to as "mask selection 
growth method", cf., e.g., Aoki, et al., Oyo Denshi 
Bussei Bunkakai Kenkyu Hokoku No. 445, p9-14 

55 (Applied Electronic Physical Property Meeting 
Study Report No. 445, p9-14). 

Figs. 1A to 1C illustrate the above-mentioned 
masked selective growth method. Fig. 1A is a 
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perspective view showing a planar semiconductor 
substrate 1 on which there are formed, for exam- 
ple, two oxide or nitride films 2a in the form of 
stripes having predetermined dimensions. Wm is a 
width of each stripe, and Wg is a width of the gap 
between the two stripes 2a. On the substrate 
shown in Fig. 1A, there is formed a semiconductor 
multilayer by crystal growth. Fig. 1B is a perspec- 
tive view showing the semiconductor substrate of 
Fig. 1A after the selective crystal growth. As a 
result of the selective growth, the substrate 1 is 
provided with a semiconductor multilayer grown on 
regions other than the masks 2a to form a ridge 3 
with a groove or gap 4 on each side thereof. The 
semiconductor multilayer includes a buffer layer, 
an active layer or optical waveguide layer 6, a 
cladding layer 7 and a contact layer 10. Fig. 1C is 
a graph illustrating an example of characteristics, or 
relationship between mask width (Wm) and oscillat- 
ing wavelength (photoluminescence (PL) 
wavelength), at various gap distances (Wg), of 
InT-xGaxAs/lnGaAsP crystal (Xg = 1.1 Sum) fab- 
ricated by the crystal growth. 

The amount of shift of oscillating wavelength 
increases with an increase in the mask width, Wm, 
and with a decrease in the mask distance, Wg. 
This is because the source materials migrate from 
on the masks into the gap to vary the growth rate. 
As a result, there occur changes in the thicknesses 
of various semiconductor layers on the mesa struc- 
ture, particularly quantum well layers, and the 
changes give rise to changes in the light emitting 
characteristics of the resulting semiconductor de- 
vice. 

However, the above-described crystal growth 
method is inevitably susceptible to influences by 
the mask such as incorporation of impurities from 
the mask. Hence, the product of the above method 
has crystal quality which is not always superior to 
that of the semiconductor device fabricated without 
masks. In addition, during the progress of process 
steps, the masks must be removed after the growth 
of crystals. This makes the fabrication process 
complicated. 

To obtain a shift of the oscillating wavelength 
of a light emitting device in the order of about 100 
nm, masks to be used must extend about 100 urn 
in a transverse direction, which makes it difficult to 
use the above-described selective growth method 
in the integration of such light emitting devices in a 
minute region as wide as several urn. When the 
wavelength is varied largely, the position of the 
light emitting layer is shifted longitudinally in a 
direction of the cavity, resulting in deteriorated light 
coupling. 

On the other hand, variation of the oscillating 
characteristics of a light emitting device by slightly 
changing the crystal composition of the active layer 



without using masks has been achieved conven- 
tionally by, for example, irradiation of laser beam 
during the crystal growth utilizing an metalorganic 
molecular beam epitaxy (MOMBE method) as de- 
5 scribed in Yamada, et al., Oyo Denshi Bussei Bun- 
kakai Kenkyu Hokoku No. 445, p27-32 (Applied 
Electronic Physical Property Meeting Study Report 
No. 445, p27-32). However, this method is disad- 
vantageous in that it must use a special, expensive 
w apparatus, and that it fails to fabricate a plurality of 
crystals having slightly different compositions in a 
relatively wide region of the semiconductor device. 

There is known a light emitting device which 
includes a ridged or nonplanar semiconductor sub- 
75 strate on which semiconductor layers are grown, 
Japanese Patent Application Laying-open No. 4- 
305991 (1992) describes realization of a plurality of 
light emitting devices having slightly different os- 
cillating wavelengths by growing, by molecular 

20 beam epitaxy (MBE), strained quantum well active 
layers on a nonplanar semiconductor substrate 
having a plurality of ridges which differ slightly in 
width from each other. 

However, this method provides a light emitting 

25 device which utilizes exciton transition energy of 
strained quantum wells. When the ridge width of 
the nonplanar substrate is set to 2 urn, 3 urn, 5 
urn, or 8 urn, the oscillating wavelength of the 
device is varied to 1.52 urn, 1.53 urn, 1.54 urn, or 

30 1.55 urn, respectively. However, the amount of 
variation is rather small so that the amount of shift 
of wavelength is not so highly controllable with the 
change in ridge width alone. 

Japanese Patent Application Laying-open No. 

35 4-364084 (1992) discloses a method for fabricating 
a multiple wavelength laser diode by growing semi- 
conductor layers on a nonplanar semiconductor 
substrate having ridges of varied widths and dis- 
tances (gap distances) to vary the thicknesses of 

40 the active layers in the ridges, respectively, there- 
by varying their oscillating wavelengths. On the 
other hand, Japanese Patent Application Laying- 
open No. 4-206982 (1992) describes a light emit- 
ting device fabricated by growing semiconductor 

45 layers by metalorganic vapor phase epitaxy 
(MOVPE) on a semiconductor substrate having 
ridges each of which is sandwiched by two types 
of grooves of different widths. The light emitting 
device is a so-called window-structure laser diode 

so at each terminal end of which there is formed a 
semiconductor layer having a large bandgap so 
that the deterioration of terminal end surfaces can 
be prevented and higher output can be obtained. 
Further, there have been known functional 

55 superluminescent diodes which are produced by 
growing semiconductor layers having different 
compositions along its length in order to get wide- 
band light emitting characteristics (Noguchi, et al., 
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Denshi Joho Tsushin Gakkai OQE 91-83 (1991) 
(The Institute of Electronics, Information and Com- 
munication Engineers OQE 91-83 (1991)). The 
functional superluminescent diode is fabricated by 
performing crystal growth twice for forming light s 
emitting portions having different compositions. 
Hence, it is troublesome to perform crystal growths 
and a special countermeasure is required to make 
as small as possible a waste growth area existing 
between the both light emitting portions. ;o 

Although it could in principle have been possi- 
ble to fabricate an emitter having three or more 
different light emitting regions, a high technology in 
the aspects of crystal growth and processing pro- 
cess is required to fabricate such a light emitting 75 
device. In fact, there have been known few light 
emitting devices that have three or more semicon- 
ductor devices having different compositions in- 
tegrated in a longitudinal direction. 

Conventionally, most of transceivers with termi- 20 
nal optical amplifiers used in optical communication 
are combinations of individual components such as 
splitters, LD, PD, etc. There are also those which 
include optical guides made of quartz or the like 
material, and laser diodes and photodetectors 25 
made of semiconductors, respectively, are con- 
nected to each other with solder, for example, or 
coupled via optical fibers or the like. Further, there 
are those which have necessary semiconductor 
parts or components integrated on one semicon- 30 
ductor substrate. 

However, the transceivers constructed with the 
semiconductor components and/or quartz guides 
as described above have various disadvantages. 
They tend to have larger sizes since there is need- 35 
ed space for connecting various components or for 
other reasons, and as a result adjustment becomes 
troublesome, and a complicated fabrication process 
becomes necessary, which is not suited for mass 
production. In addition, their coupling coefficient is 40 
insufficient. In the case of integrated semiconductor 
circuits, semiconductors having various bandgaps 
must be fabricated on one semiconductor substrate 
and, hence, a very complicated fabrication process 
is necessary which involves removal of a part of a 45 
once grown crystal and growing again a semicon- 
ductor crystal which has a composition different 
from that of the previously grown crystal, or there 
is needed high techniques. At present, this mono- 
lithic integration techniques cannot be a candidate 50 
of techniques which substitute for the above-de- 
scribed hybridizing connection of individual compo- 
nents. 

On the other hand, for obtaining more im- 
proved optical communication systems and optical 55 
information processing systems in view of perfor- 
mance, functionality, and costs, it is an essential 
technique to integrate semiconductor optical de- 



vices. In the integration of semiconductor optical 
devices, individual semiconductor optical devices 
are connected to each other through glass optical 
circuits or optical fibers. Even when a plurality of 
devices are integrated monolithicafly on one and 
the same semiconductor substrate, optical signals 
are inputted in and outputted from the integrated 
device through glass optical circuits or optical fi- 
bers. 

Integration of optical devices, unlike integration 
of electronic devices, is vulnerable to connection 
losses upon transmission and receipt of light be- 
tween the devices. This is mainly because the 
optical spot size on the side of a semiconductor 
device is smaller than the optical spot size on the 
side of a glass optical circuit or an optical fiber. In 
order to avoid this problem and alleviate allowance 
for connection, there has been proposed a device 
which converts relatively small spot size on the 
side of a semiconductor device to a relatively large 
spot size on the side of a glass optical circuit or an 
optical fiber. 

In the case where an optical waveguide is used 
to convert the spot size of an optical device, the 
core of the optical waveguide must have a struc- 
ture which varies in a direction of light transmission 
in at least one physical property selected from 
thickness, width, and difference in refractive index 
with respect to the cladding. Usually, semiconduc- 
tor optical waveguides are fabricated by processing 
epitaxially grown layers by dry etching or the like 
technique and performing epitaxial regrowth. 
Therefore, conversion of the spot size of optical 
devices using optical waveguides suffers from var- 
ious problems on production such as complicated 
process steps, deterioration of interfaces during the 
processing, and contamination of impurities. 

Fig. 2 is a schematic perspective view showing 
the spot size converter described in ELECTRON- 
ICS LETTERS 26th March 1992 Vol. 28, No. 7, p- 
631 as an example of the current technique. This 
spot size converter is composed of three portions, 
a first portion I, a second portion II, and a third 
portion III. The first portion I includes an optical 
waveguide having a smaller spot and for optical 
connection to the chip itself. The second portion II 
has two tapered layers which convert the spot size. 
An upper optical waveguide 6u has a width which 
is decreased linearly toward an end to form a tip 
end while a lower optical waveguide 6 L has a width 
which is increased linearly toward an end to the 
same width as an output optical waveguide in the 
third portion III. 

The spot size converter includes a semi-in- 
sulating InP wafer 1a as a substrate, an InP buffer 
layer 5 grown on the substrate 1a by metalorganic 
vapor phase epitaxial growth (MOVPE), and two 
layers epitaxially grown on the buffer layer 5 to 
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provide the upper and lower tapered optical 
waveguides 6u and B L . The upper and lower layers 
6 y and 6 L are made of InGaAsP's having different 
bandgaps. These layers are each tapered by dry 
etching in two steps. On the layers 6y and 6 L there 
is formed an InP layer 7a by MOVPE growth. 

As described above, the fabrication of this spot 
size converter requires at least two epitaxial growth 
steps and at least two etching steps and, hence, its 
fabrication process is complicated. 

An object of the present invention is to provide 
an optical functional device, particularly a semicon- 
ductor light emitting device which is integrated on 
a semiconductor substrate having an unevenness 
pattern (ridges) by crystal growth and which has a 
wide-band oscillating characteristics. 

Another object of the present invention is to 
provide a monolithically integrated optical device 
having a plurality of such optical functional devices 
on a semiconductor substrate. 

Still another object of the present invention is 
to provide a method for fabricating such an optical 
functional device. 

Yet another object of the present invention is to 
provide a method for fabricating such a mon- 
olithically integrated optical device. 

Further object of the present invention is to 
provide a method for selecting an oscillating 
wavelength of a semiconductor light emitting de- 
vice. 

According to the present invention, there is 
provided an optical functional device comprising: a 
semiconductor substrate; an optical functional layer 
provided on the semiconductor substrate and se- 
lected from the group consisting of a light emitting 
layer, a light absorbing layer, and an optical 
waveguide layer; the optical functional layer com- 
prising a multi-quantum well layer; and the semi- 
conductor substrate being a nonplanar semicon- 
ductor substrate having a ridge and two grooves 
adjacent the ridge, the ridge having a ridge width 
of from 1 to 10 dm, a ridge height of from 1 urn to 
5 urn, and a gap distance of from 1 urn to 10 urn. 

Here, the ridge may have an upper face and a 
side face; and the ridge may have a diffractive 
grating on at least one of the upper and side 
surfaces. 

Also, there is provided an optical functional 
device comprising: a nonplanar semiconductor sub- 
strate; a ridge provided on the nonplanar semicon- 
ductor substrate, the ridge having an upper face 
and a side face; an optical functional layer provided 
on the nonplanar semiconductor substrate and se- 
lected from the group consisting of a light emitting 
layer, a light absorbing layer, and an optical 
waveguide layer; an active layer formed in the 
optical functional layer and having a multi-quantum 
well structure, the active layer having a first portion 



and a second portion, the first portion being pro- 
vided above the ridge and the second portion be- 
ing provided above a portion of the semiconductor 
substrate other than the ridge; the first portion of 
5 the active layer having a composition different from 
a composition of the second portion of the active 
layer; and a diffractive grating provided on at least 
one of the upper face and the side face of the 
ridge. 

10 Here, the ridge width may be from 1 urn to 5 

urn; and the multi-quantum well structure may 
comprise a monolithic crystal having different com- 
positions in a direction of a cavity; the optical 
functional device having oscillating or detecting 

75 characteristics varying in a direction of the cavity. 

The upper face of the ridge may have a diffrac- 
tive grating whose pitch is varied in accordance 
with the composition of the crystal above the ridge; 
the optical functional device having a facet through 

20 which light transmits, and emitting a plurality of 
light beams at single longitudinal mode out of the 
facet or receiving a light beam or beams having a 
wavelength or wavelengths shorter than a predeter- 
mined wavelength through the facet. 

25 The ridge may have provided therein an optical 

guide layer. 

The ridge width may be from 1 urn to 5 um; 
the ridge having a shape whose ridge width, ridge 
height or gap distance being varied in a transverse 

30 direction; the optical functional device having os- 
cillating or detecting characteristics which vary in 
the transverse direction. 

The upper face of the ridge may have a diffrac- 
tive grating whose pitch is varied in accordance 

35 with the composition of the crystal above the ridge; 
the optical functional device emitting a light beam 
at single longitudinal mode or receiving a light 
beam or beams having a wavelength or 
wavelengths shorter than a predetermined 

ao wavelength in a direction parallel to the direction of 
cavity. 

The optical functional layer may be a semicon- 
ductor light emitting layer; and the grooves may be 
formed thereon with a semiconductor thin film layer 

45 having a conductivity type different from that of the 
semiconductor substrate. 

The optical functional layer may be a semicon- 
ductor light emitting layer; and wherein the ridge 
on the nonplanar semiconductor substrate has a 

so ridge shape of anti-mesa structure. 

The optical functional layer may be a semicon- 
ductor light emitting layer; and the nonplanar semi- 
conductor substrate may have formed thereon a 
semiconductor buffer layer. 

55 Further, there is provided an integrated optical 

device comprising: a nonplanar semiconductor sub- 
strate having a ridge shape; a plurality of optical 
functional devices arranged on the nonplanar semi- 



6 



9 



EP 0 617 471 A2 



10 



conductor substrate and selected from the group 
consisting of a light emitting device and a detecting 
device; the plurality of optical functional devices 
being connected to each other operationally so that 
characteristics of the plurality of optical functional 
devices can be combined functionally; the plurality 
of optical functional devices each comprising a part 
of a strained multi-quantum well layer formed on 
the monolithically; at least a part of the plurality of 
optical functional devices having a composition or 
respective compositions different in composition 
from each other. 

The nonplanar semiconductor substrate may 
be provided with a ridge having a ridge width of 
from 1 to 10 urn, a ridge height of from 1 urn to 5 
um, and a gap distance of from 1 urn to 10 urn. 

The ridge may have an upper face and a side 
face; and the ridge may have a diffractive grating 
on at least one of the upper and side surfaces. 

The diffractive grating may have a period vary- 
ing in accordance with a position at which the 
diffractive grating is arranged. 

Still furhter, there is provided an integrated 
optical device comprising: a nonplanar semicon- 
ductor substrate; a ridge provided on the nonplanar 
semiconductor substrate, the ridge having an upper 
face and a side face; a light emitting portion pro- 
vided on the nonplanar semiconductor substrate 
and including an optical functional device; a detect- 
ing portion provided on the nonplanar semiconduc- 
tor substrate and including an optical device; the 
light emitting portion and the detecting portion be- 
ing arranged in parallel to and optically connected 
each other; a semiconductor optical waveguide op- 
tically connected to the light emitting portion and 
the detecting portion, the optical waveguide includ- 
ing an optical functional device and having a com- 
mon inputting and outputting portion connected to 
the optical functional device; the optical functional 
devices being connected to each other operation- 
ally so that characteristics of the optical functional 
devices can be combined functionally; the optical 
functional device in the light emitting portion having 
a light emitting device which emits light having a 
first wavelength and a detecting device which de- 
tects an output of the light emitting device; the 
optical functional device in the detecting portion 
having a detecting device which detects the light 
having the first wavelength, a wavelength filter 
which absorbs the light having the first wavelength, 
and a detecting device which detects light having a 
second wavelength; and the integrated optical de- 
vice having a function of emitting and detecting two 
light beams which have different wavelengths and 
which propagate in the common inputting and out- 
putting portion. 

Also, there is provided an integrated optical 
device comprising: a nonplanar semiconductor sub- 



strate; a ridge provided on the nonplanar semicon- 
ductor substrate; a light emitting portion which is 
provided on the nonplanar semiconductor substrate 
which exhibits a light emitting function and a de- 
5 tecting function; a detecting portion which is pro- 
vided on the nonplanar semiconductor substrate 
and which exhibits a detecting function; a semicon- 
ductor optical waveguide which is optically con- 
nected to the light emitting portion and the detect- 
w ing portion; the light emitting portion having a light 
emitting device which emits light having a first 
wavelength and a reflector having a diffractive grat- 
ing, the light emitting portion exhibiting a light 
emitting function and a function of detecting the 
15 light having the first wavelength; the detecting por- 
tion having a wavelength filter which absorbs light 
having the first wavelength, and a detecting device 
which detects light having a second wavelength, 
the detecting portion exhibiting a function of detect- 
20 ing a wavelength filter which absorbs the light 
haven; the integrated optical device exhibiting a 
function of emitting and detecting two light beams 
which have wavelengths differing from each other 
and which propagate in the common inputting and 
25 outputting portion. 

Further, there is provided an optical device 
comprising: a nonplanar semiconductor substrate; a 
ridge provided on the nonplanar semiconductor 
substrate; an optical waveguide provided on the 
30 nonplanar semiconductor substrate; a quantum well 
layer formed on the optical waveguide and having 
a multi-quantum well structure; the ridge having a 
dimension varied from one end thereof toward an- 
other end thereof so that the quantum well layer 
35 has a composition or thickness which is varied 
form one end toward another end of the optical 
waveguide and a light wave propagating in the 
waveguide is converted of its spot size. 

Still further, there is provided a method for 
40 fabricating an optical functional device having at 
least one optical functional layer selected from the 
group consisting of a light emitting layer, an ab- 
sorbing layer and an optical waveguide layer, com- 
prising the steps of: providing a nonplanar semi- 
45 conductor substrate having a ridge of which a ridge 
width is from 1 um to 10 um, a ridge height is 
from 1 um to 5 um, and a gap distance is from 1 
um to 10 um; and growing a strained multi-quan- 
tum well layer on the nonplanar semiconductor 
so substrate by metalorganic vapor phase epitaxy. 

Here, the method may further comprise the 
steps of: providing a planar semiconductor sub- 
strate; forming a semiconductor protective thin film 
layer having a composition different from that of 
55 the planar semiconductor substrate; and process- 
ing the planar substrate having the protective thin 
film layer to render the planar substrate nonplanar. 
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Yet further, there is provided a method for 
controlling optical characteristics of an optica! func- 
tional device having a semiconductor substrate, at 
least one optical functional layer selected from the 
group consisting of a light emitting layer, a detect- 5 
ing layer and an optical waveguide layer, the meth- 
od comprising the steps of: providing as the semi- 
conductor substrate a nonplanar semiconductor 
substrate having a ridge of a selected shape of 
which a ridge width is from 1 urn to 10 urn, a ridge io 
height is from 1 urn to 5 urn, and a gap distance is 
from 1 urn to 10 um; and growing a multi-quantum 
well structure on the nonplanar semiconductor sub- 
strate by metalorganic vapor phase epitaxy to form 
the at least optical functional layer; whereby vary- 75 
ing a composition of the multi-quantum well struc- 
ture formed on the ridge to change optical char- 
acteristics hereof. 

Here, the optical characteristics may be a ban- 
dgap or refractive index of the quantum well struc- 20 
ture, and at least one of the ridge width, ridge 
height and gap distance may be varied from one 
end toward another end of the waveguide on the 
ridge. 

The optical characteristics may be a light emit- 25 
ting characteristics or detecting characteristics of 
the optical functional device; and at least one of the 
ridge width, ridge height and gap distance may be 
varied in a longitudinal direction, so that the light 
emitting characteristics or the detecting character- 30 
istics of the optical functional device can be varied 
in a direction of a cavity. 

The optical characteristics may be a light emit- 
ting characteristics or detecting characteristics of 
the optical functional device; and at least one of the 35 
ridge width, ridge height and gap distance may be 
varied in a transverse direction to form an array-like 
optical functional device, so that the light emitting 
characteristics or the detecting characteristics of 
the optical functional device can be varied in a 40 
transverse direction. 

The above and other objects, effects, features 
and advantages of the present invention will be- 
come more apparent from the following description 
of the embodiment thereof taken in conjunction 45 
with the accompanying drawings. 

Fig. 1A is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a strained quantum well structure by 
a masked selective growth method; 50 
Fig. 1B is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a strained quantum well structure by 
a masked selective growth method; 
Fig. 1C is a graph illustrating the dependence of 55 
oscillating wavelength on mask width at various 
gap distances; 



Fig. 2 is a schematic perspective view showing 
a conventional spot size converter; 
Fig. 3 is a graph illustrating the dependence of 
oscillating wavelength on composition of a 
strained quantum well structure at various thic- 
knesses; 

Fig. 4A is a cross sectional view showing an 
example of a structure of a 1 .55 um band light 
emitting device formed on a nonplanar semicon- 
ductor substrate; 

Fig. 4B is a graph illustrating results of simula- 
tion of oscillation in the structure shown in Fig. 
4A, with solid and broken lines indicating differ- 
ences in crystal properties; 
Fig. 5A is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a nonplanar substrate, the substrate 
being formed thereon with a mask for etching; 
Fig. 5B is a perspective view showing a semi- 
conductor substrate during a fabrication pro- 
cess, the substrate being formed thereon with a 
mask for selective growth; 

Fig. 5C is a perspective view showing a semi- 
conductor substrate during a fabrication pro- 
cess, the substrate being formed therein with 
grooves; 

Fig. 6A is a graph illustrating a shift in the 
bandgap wavelength, as influenced by ridge 
width, of a multi-quantum well structure formed 
on a ridge; 

Fig. 6B is a graph illustrating a shift in the 
bandgap wavelength, as influenced by ridge 
height, of a multi-quantum well structure formed 
on a ridge; 

Fig. 7 is a graph illustrating dependence, on 
ridge and gap distance, of a photoluminescence 
peak wavelength of a quantum well structure 
grown on a nonplanar semiconductor substrate; 
Fig. 8 is a graph illustrating dependence, on 
ridge height, of a photoluminescence peak 
wavelength of a quantum well structure grown 
on a nonplanar semiconductor substrate; 
Fig. 9A is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical functional device according 
to a first embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with a mask for etching; 
Fig. 9B is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical functional device according 
to a first embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with a mask for selective growth; 
Fig. 9C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical functional device according 
to a first embodiment of the present invention, 
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the semiconductor substrate being formed 
therein with grooves to form a nonplanar sub- 
strate; 

Fig. 9D is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical functional device according 
to a first embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with an active layer by a crystal growth 
(growth of an active layer); 

Fig. 9E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical functional device according 
to a first embodiment of the present invention, 
the semiconductor substrate being buried by a 
crystal growth (burying growth); 
Fig. 9F is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical functional device according 
to a first embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with an electrodes; 
Fig. 1 0A is a graph illustrating dependence, on 
ridge width (dw), of oscillating wavelength of an 
optical functional device according to a first em- 
bodiment of the present invention; 
Fig. 1 0B is a graph illustrating dependence, on 
gap distance (dg), of oscillating wavelength of 
an optical functional device according to a first 
embodiment of the present invention; 
Fig. 10C is a graph illustrating dependence, on 
ridge height, h, of oscillating wavelength of an 
optical functional device according to a first em- 
bodiment of the present invention; 
Fig. 11 A is a graph illustrating dependence, on 
ridge width, of thickness of InGaAs quantum well 
layer of an optical functional device according to 
a first embodiment of the present invention; 
Fig. 11B is a graph illustrating dependence, on 
gap distance, of thickness of InGaAs quantum 
well layer of an optical functional device accord- 
ing to a first embodiment of the present inven- 
tion; 

Fig. 11C is a graph illustrating dependence, on 
ridge height, of thickness of InGaAs quantum 
well layer of an optical functional device accord- 
ing to a first embodiment of the present inven- 
tion; 

Fig. 12A is a perspective view showing a non- 
planar semiconductor substrate according to a 
second embodiment of the present invention, 
with diffractive gratings being formed on a ridge; 
Fig. 12B is a perspective view showing a non- 
planar semiconductor substrate according to a 
second embodiment of the present invention, 
with diffractive gratings being formed in an up- 
per surface of an optical waveguide layer pro- 
vided on a ridge; 



Fig. 12C is a perspective view showing a non- 
planar semiconductor substrate according to a 
second embodiment of the present invention, 
with diffractive gratings being formed on a ridge; 
Fig. 13A is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance-modulated method) for fabricating 
a four-channel integrated laser diode array ac- 
cording to a third embodiment of the present 
invention, the semiconductor substrate being 
formed thereon with a mask for etching; 
Fig. 13B is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance-modulated method) for fabricating 
a four-channel integrated laser diode array ac- 
cording to a third embodiment of the present 
invention, the semiconductor substrate being 
formed therein with grooves to form a nonplanar 
semiconductor substrate; 

Fig. 13C is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance modulated method) for fabricating 
a four-channel integrated laser diode array ac- 
cording to a third embodiment of the present 
invention, the semiconductor substrate being 
formed thereon with an active layer by crystal 
growth (growth of an active layer); 
Fig. 1 3D is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance modulated method) for fabricating 
a four-wavelength integrated laser diode array 
according to a third embodiment of the present 
invention, the semiconductor substrate being 
buried by crystal growth (burying growth); 
Fig. 13E is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance modulated method) for fabricating 
a four-wavelength integrated laser diode array 
according to a third embodiment of the present 
invention, the semiconductor substrate being 
formed thereon with electrodes; 
Fig. 14 is a graph illustrating oscillating char- 
acteristics of a four-channel laser diode array 
according to a third embodiment of the present 
invention; 

Fig. 15A is a perspective view showing a semi- 
conductor substrate during a process (gap dis- 
tance-modulated method) for fabricating a four- 
channel integrated DFB laser diode array ac- 
cording to a fourth embodiment of the present 
invention, the semiconductor substrate being 
formed thereon with diffractive gratings; 
Fig. 15B is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a four-channel integrated DFB laser 
diode array according to a fourth embodiment of 
the present invention, the semiconductor sub- 
strate being formed thereon with a mask for 
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etching; 

Fig. 15C is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance-modulated method) of a four- 
channel integrated DFB laser diode array ac- 5 
cording to a fourth embodiment of the present 
invention, the semiconductor substrate being 
formed therein with grooves to form a nonplanar 
substrate; 

Fig. 15D is a perspective view showing a semi- w 
conductor substrate during a process for 
fabricating a four-channel integrated DFB laser 
diode array according to a fourth embodiment of 
the present invention, the semiconductor sub- 
strate being formed thereon with an active layer 75 
by a crystal growth (growth of an active layer); 
Fig. 15E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a four-channel integrated DFB laser 
diode array according to a fourth embodiment of 20 
the present invention, the semiconductor sub- 
strate being buried by a crystal growth (burying 
growth); 

Fig. 15F is a perspective view showing a semi- 
conductor substrate during a process for 25 
fabricating a four-channel integrated DFB laser 
diode array according to a first embodiment of 
the present invention, the semiconductor sub- 
strate being formed thereon with electrodes; 
Fig. 16 is a graph illustrating oscillating char- 30 
acteristics of a four-channel laser diode array 
according to a fourth embodiment of the present 
invention; 

Fig. 17A is a perspective view showing a semi- 
conductor substrate during a process for 35 
fabricating a four-channel integrated laser diode 
array according to a fifth embodiment of the 
present invention, the semiconductor substrate 
being formed thereon with a mask for etching; 
Fig. 17B is a perspective view showing a semi- 40 
conductor substrate during a fabrication process 
(ridge width-modulated method) of a four-chan- 
nel integrated laser diode array according to a 
fifth embodiment of the present invention, the 
semiconductor substrate being formed therein 45 
with grooves to form a nonplanar substrate; 
Fig. 17C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating four-channel integrated laser diode 
array according to a fifth embodiment of the 50 
present invention, the semiconductor substrate 
being formed thereon with an active layer by a 
crystal growth (growth of an active layer); 
Fig. 17D is a perspective view showing a semi- 
conductor substrate during a process for 55 
fabricating a four-channel integrated laser diode 
array according to a fifth embodiment of the 
present invention, the semiconductor substrate 



being buried by a crystal growth (burying 
growth); 

Fig. 17E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a four-channel integrated laser diode 
array according to a fifth embodiment of the 
present invention, the semiconductor substrate 
being formed thereon with electrodes; 
Fig. 18 is a schematic perspective view showing 
a monolithic heterodyne receiver according to a 
seventh embodiment of the present invention; 
Fig. 19A is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance-modulated method) of a super- 
luminescent diode according to an eighth em- 
bodiment of the present invention, the semicon- 
ductor substrate being formed thereon with a 
mask for etching; 

Fig. 19B is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(gap distance-modulated method) of a super- 
luminescent diode according to an eighth em- 
bodiment of the present invention, the semicon- 
ductor substrate being formed therein with 
grooves to form a nonplanar substrate; 
Fig. 19C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to an eighth embodiment of the present inven- 
tion, the semiconductor substrate being formed 
thereon with an active layer by a crystal growth 
(growth of an active layer); 
Fig. 19D is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to an eighth embodiment of the present inven- 
tion, the semiconductor substrate being buried 
by a crystal growth (burying growth); 
Fig. 19E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to an eighth embodiment of the present inven- 
tion, the semiconductor substrate being formed 
thereon with electrodes; 

Fig. 20 is a graph illustrating oscillating spec- 
trum characteristics of a superluminescent diode 
according to an eighth embodiment of the 
present invention; 

Fig. 21 A is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(ridge width-modulated method) of a super- 
luminescent diode according to a ninth embodi- 
ment of the present invention, the semiconduc- 
tor substrate being formed thereon with a mask 
for etching; 

Fig. 21 B is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(ridge width-modulated method) of a super- 
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luminescent diode according to a ninth embodi- 
ment of the present invention, the semiconduc- 
tor substrate being formed therein with grooves 
to form a nonplanar substrate; 

Fig. 21 C is a perspective view showing a semi- 5 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to a ninth embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with an active layer by a crystal growth 10 
(growth of an active layer); 

Fig. 21 D is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to a ninth embodiment of the present invention, 75 
the semiconductor substrate being formed 
thereon a mask for etching; 
Fig. 21 E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 20 
to a ninth embodiment of the present invention, 
the semiconductor substrate being dry-etched to 
form a nonplanar substrate for burying growth; 
Fig. 22A is a perspective view showing a semi- 
conductor substrate during a fabrication process 25 
(ridge height-modulated method 1) of a super- 
luminescent diode according to a tenth embodi- 
ment of the present invention, the semiconduc- 
tor substrate being formed thereon with a mask 
for selective growth; 30 
Fig. 22B is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(ridge height-modulated method 1) of a super- 
luminescent diode according to a tenth embodi- 
ment of the present invention, the semiconduc- 35 
tor substrate having become a nonplanar sub- 
strate (after removal of the mask); 
Fig. 22C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 40 
to a tenth embodiment of the present invention, 
the semiconductor substrate being formed 
thereon a mask for etching; 
Fig. 22D is a perspective view showing a semi- 
conductor substrate during a process for 45 
fabricating a superluminescent diode according 
to a tenth embodiment of the present invention, 
the semiconductor substrate being a nonplanar 
substrate for crystal growth with its ridge height 
being modulated; 50 
Fig. 22E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to a tenth embodiment of the present invention, 
the semiconductor substrate being formed 55 
thereon with an active layer by a crystal growth 
(growth of an active layer); 



Fig. 23A is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(ridge height-modulated method 2) of a super- 
luminescent diode according to a variation of the 
tenth embodiment of the present invention, the 
semiconductor substrate being formed thereon 
with a mask for selective growth; 
Fig. 23B is a perspective view showing a semi- 
conductor substrate during a fabrication process 
(ridge height-modulated method 2) of a super- 
luminescent diode according to a variation of the 
tenth embodiment of the present invention, the 
semiconductor substrate having become a non- 
planar substrate (after removal of the mask); 
Fig. 23C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating a superluminescent diode according 
to a variation of the eleventh embodiment of the 
present invention, the semiconductor substrate 
being formed thereon a mask for etching; 
Fig. 24A is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to an 
eleventh embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with an oxide mask for etching; 
Fig. 24B is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to an 
eleventh embodiment of the present invention, 
the semiconductor substrate being formed 
therein with grooves to form a nonplanar sub- 
strate; 

Fig. 24C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to an 
eleventh embodiment of the present invention, 
the nonplanar semiconductor substrate being 
formed thereon with a block layer; 
Fig. 24D is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to an 
eleventh embodiment of the present invention, 
the semiconductor substrate being formed with 
a device structure by MOVPE growth; 
Fig. 24E is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to an 
eleventh embodiment of the present invention, 
the semiconductor substrate being formed 
thereon with electrodes; 

Fig. 25 is a graph illustrating the oscillating 
characteristics of an optical device according to 
an eleventh embodiment of the present inven- 
tion; 

Fig. 26A is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to a 
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twelfth embodiment of the present invention, the 
semiconductor substrate being formed thereon 
with an oxide mask for etching; 
Fig. 26B is a perspective view showing a semi- 
conductor substrate during a process for 5 
fabricating an optical device according to a 
twelfth embodiment of the present invention, the 
semiconductor substrate being formed therein 
with grooves to form a ridge of a mesa struc- 
ture; 70 
Ftg. 26C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to a 
twelfth embodiment of the present invention, the 
semiconductor substrate being formed therein 75 
with grooves to form a ridge of an anti-mesa 
structure; 

Fig. 26D is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to a 20 
twelfth embodiment of the present invention, the 
nonplanar semiconductor substrate being 
formed thereon with a device structure by 
MOVPE growth; 

Fig. 26E is a perspective view showing a semi- 25 
conductor substrate during a process for 
fabricating an optical device according to a 
twelfth embodiment of the present invention, the 
semiconductor substrate being formed thereon 
with an electrode; 30 
Fig. 27 is a graph illustrating the optical char- 
acteristics of an optical device according to a 
twelfth embodiment of the present invention; 
Fig. 28A is a perspective view showing a semi- 
conductor substrate during a process for 35 
fabricating an optical device according to a thir- 
teenth embodiment of the present invention, the 
semiconductor substrate being formed thereon 
with an oxide mask for etching via a damage 
absorbing layer; 40 
Fig. 28B is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to a thir- 
teenth embodiment of the present invention, the 
semiconductor substrate being formed therein 45 
with grooves to form a nonplanar substrate (prior 
to removal of a damage absorbing layer); 
Fig. 28C is a perspective view showing a semi- 
conductor substrate during a process for 
fabricating an optical device according to a thir- 50 
teenth embodiment of the present invention, the 
nonplanar semiconductor substrate being 
formed thereon with a device structure by 
MOVPE growth; 

Fig. 28D is a perspective view showing a semi- 55 
conductor substrate during a process for 
fabricating an optical device according to a thir- 
teenth embodiment of the present invention, the 



semiconductor substrate being formed thereon 
with electrodes; 

Fig. 29 is a schematic plan view showing an 
integrated optical circuit according to a four- 
teenth embodiment of the present invention; 
Fig. 30 is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical cir- 
cuit according to a fourteenth embodiment of 
the present invention, the semiconductor sub- 
strate being formed thereon with a common 
optical waveguide and an n-lnP layer; 
Fig. 31 is a schematic plan view showing a 
semiconductor substrate during a process for 
fabricating an integrated optical circuit according 
to a fourteenth embodiment of the present in- 
vention, the semiconductor substrate being 
formed in a portion of its n-lnP layer with diffrac- 
tive gratings; 

Fig. 32 is a schematic plan view showing a 
semiconductor substrate during a process for 
fabricating an integrated optical circuit according 
to a fourteenth embodiment of the present in- 
vention, the semiconductor substrate being 
formed therein with grooves to form ridges; 
Fig. 33 is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical cir- 
cuit according to a fourteenth embodiment of 
the present invention, the semiconductor sub- 
strate being formed thereon with a multi-quan- 
tum well structure; 

Fig. 34 is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical cir- 
cuit according to a fourteenth embodiment of 
the present invention, the semiconductor sub- 
strate being buried; 

Fig. 35 is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical cir- 
cuit according to a fourteenth embodiment of 
the present invention, a doped InP layer and a 
multi-quantum well structure having a 1.3 urn 
bandgap being etched off; 
Fig. 36 is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical cir- 
cuit according to a fourteenth embodiment of 
the present invention, the etched-off portion be- 
ing buried; 

Fig. 37 is a graph illustrating dependence, on 
current, of optical output of a 1 .3 u,m LD in an 
integrated optical device according to a four- 
teenth embodiment of the present invention; 
Fig. 38A is a graph illustrating dependence, on 
wavelength, of photocurrent of a PD in an in- 
tegrated optical device according to a fourteenth 
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embodiment of the present invention; 
Fig. 38B is a graph illustrating dependence, on 
wavelength, of crosstalk of a PD in an integrated 
optical device according to a fourteenth embodi- 
ment of the present invention; 5 
Fig. 39A is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical de- 
vice according to a variation of a fourteenth 
embodiment of the present invention, the semi- 10 
conductor substrate being formed therein two 
types of grooves with different gap distances; 
Fig. 39B is a schematic cross sectional view 
showing a semiconductor substrate during a 
process for fabricating an integrated optical de- 75 
vice according to a variation of a fourteenth 
embodiment of the present invention, the non- 
planar semiconductor substrate being formed 
thereon with a multi-quantum well structure; 
Fig. 40 is a schematic plan view showing an 20 
integrated optical circuit according to a fifteenth 
embodiment of the present invention; 
Fig. 41 is a schematic perspective view showing 
a semiconductor substrate for fabricating a spot 
size converter according to a sixteenth embodi- 25 
ment of the present invention, the semiconduc- 
tor substrate being formed with a ridge prior to 
epitaxial growth; 

Fig. 42 is a schematic cross sectional view 
showing a front end of a spot size converter 30 
according to a sixteenth embodiment of the 
present invention, with a quantum well layer 
being shown on an enlarged scale; 
Fig. 43 is a schematic cross sectional view 
showing a rear end of a spot size converter 35 
according to a sixteenth embodiment of the 
present invention, with a quantum well layer 
being shown on an enlarged scale; 
Fig. 44 is a schematic perspective view showing 
a semiconductor substrate for fabricating a spot 40 
size converter according to a seventeenth em- 
bodiment of the present invention, the semicon- 
ductor substrate being formed with a ridge prior 
to epitaxial growth; 

Fig. 45 is a schematic cross sectional view 45 
showing a front end of a spot size converter 
according to a seventeenth embodiment of the 
present invention, with a quantum well layer 
being shown on an enlarged scale; 
Fig. 46 is a schematic cross sectional view 50 
showing a rear end of a spot size converter 
according to a seventeenth embodiment of the 
present invention, with a quantum well layer 
being shown on an enlarged scale; 
Fig. 47 is a schematic perspective view showing 55 
a semiconductor substrate for fabricating a spot 
size converter according to an eighteenth em- 
bodiment of the present invention, the semicon- 



ductor substrate being formed with a ridge prior 
to epitaxial growth; 

Fig. 48 is a schematic cross sectional view 
showing a front end of a spot size converter 
according to an eighteenth embodiment of the 
present invention, with a quantum well layer 
being shown on an enlarged scale; and 
Fig. 49 is a schematic cross sectional view 
showing a rear end of a spot size converter 
according to an eighteenth embodiment of the 
present invention, with a quantum well layer 
being shown on an enlarged scale. 
According to a basic aspect, the present inven- 
tion relates to an optical functional device such as 
an emitter, a detector or the like fabricated based 
on the phenomenon that the composition of a 
multi-quantum well layer formed on a nonplanar 
semiconductor substrate varies depending on the 
shape of its ridge. Also, the present invention re- 
lates to an optical component or device having a 
portion with such a ridge-shape-dependent com- 
position. Further, the present invention relates to an 
integrated optical device including a plurality of 
such optical functional devices which are arranged 
on a semiconductor substrate and whose char- 
acteristics are combined functionally. 

According to a first aspect of the present in- 
vention, a semiconductor multilayer composed of a 
strained multi-quantum well (MOW) structure as an 
active layer is formed by metalorganic vapor phase 
epitaxy (MOVPE) on a semiconductor substrate 
provided with at least one ridge whose shape, i.e., 
ridge width, distance between two adjacent ridges 
or between a ridge and a side surface of a groove 
opposing the ridge (gap distance), and ridge height 
are set to dimensions within predetermined ranges, 
respectively. 

When a semiconductor multilayer of a strained 
MQW structure is formed by an MOVPE method 
on a ridged or nonplanar semiconductor substrate 
of which the ridge width, gap distance and ridge 
height are set to predetermined values in advance, 
the speed of migration of component atoms which 
constitute the semiconductor differ on each cry- 
stalline surfaces due to intrinsic nature of crystal 
growth. As a result, the composition of the strained 
MQW multilayer on the ridge varies slightly from 
place to place. Utilizing this phenomenon, there 
can be fabricated, on a plurality of ridges, a cor- 
responding number of optical functional devices 
whose active layers have thicknesses and com- 
positions both slightly different from each other so 
that their oscillating characteristics can be con- 
trolled within wide ranges. 

In controlling the oscillating characteristics of 
such an optical functional device, major cause of 
controllability is attributable to the change in the 
composition of the MQW layer, particularly when 
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the gap distance is varied. Fig. 3 illustrates results 
of calculation of oscillating characteristic of an 
ln t _ x Ga x As/lnGaAsP (Xg = 1.1 um) crystal de- 
pending on the content, x, of Ga, with the thickness 
of the MQW layer being taken as a parameter. 5 
Since the change in the thickness of the MQW 
layer formed by the MOVPE method on the ridge 
when the gap distance is varied from 1 urn to 10 
urn is no greater than 10% regardless of the ridge 
width, it is believed that the change in oscillating 10 
wavelength is attributable mainly to the change in 
the composition of the MQW structure. 

For example, in the case where the MQW is 30 
A, a decrease in the content, x, of Ga of from 0.57 
to 0.32 (about 40% decrease), the oscillating 75 
wavelength varies from 1.3 urn to 1.55 urn as 
indicated by an arrow A. The amount of decrease 
in the content of Ga is considered to be a reason- 
able variation amount taking into consideration the 
difference in the speed of migration between In and 20 
Ga on the crystal surface, or proportion of the 
surface on which such a difference between In and 
Ga unveils to the total crystal growth surface on the 
ridge. 

On the other hand, the conventional masked 25 
selective growth method gives rise to change in 
oscillating wavelength as indicated by an arrow B 
in Fig. 3, which shows that the change in oscillating 
wavelength is attributable to the change in the 
thickness of the MQW layer rather than the change 30 
in the composition. 

In the above-described case, an optical device 
which emits light beams of various wavelengths in 
a wide range from the same output face can be 
fabricated by growing several kinds of crystals dif- 35 
ferent in composition in a direction of its cavity. It 
is suitable that the width of grooves formed in the 
semiconductor substrate be not smaller than 1 urn, 
preferably within the range of 1 urn to 10 urn, and 
that the ridge existing between two such grooves 40 
have a width of not smaller than 1 urn, preferably 
within the range of 1 urn to 5 am, and a height 
within the range of mm to 5 urn, preferably 1 urn 
to 3 urn. Preferably, the ridge has an optical 
waveguide layer therein. 45 

The above-described growth method allows 
controlling the composition of the active layer by 
the sizes of gaps and ridges and as a result the 
oscillating wavelength can be controlled over a 
wide range of not smaller than 300 nm. 50 

Fig. 4A shows an example of the structure of a 
semiconductor light emitting device which includes 
a light emitting diode (LD) and a laser diode (LED) 
fabricated by the above-described method accord- 
ing to the present invention. In Fig. 4A, reference 55 
numeral 1 denotes an n-lnP substrate, 6 is an 
active layer (for example, a strained MQW layer 
consisting of InGaAsP/lnGaAs), 6a is an MQW lay- 



er in a groove, 7 is a p-lnP cladding layer. 8 is an 
n-!nP buried layer. 9 is a p-lnP layer, and 10 is a 
contact layer. 

In order to further improve the oscillating char- 
acteristics of the semiconductor light emitting de- 
vice fabricated by the above-described method, 
two problems must be solved. 

More particularly, for example, when a crystal 
is grown on a nonplanar semiconductor substrate 1 
having a ridge shape of a ridge width of 1.5 urn, a 
gap distance of 2 urn, and a ridge height of 2 urn 
using a composition which gives an oscillating 
wavelength in a 1.35 urn band in a planar region of 
the substrate, the actual composition of the active 
layer 6 on the ridge becomes one which cor- 
responds to 1.55 um band while the actual com- 
position of the crystal 6a in the groove corresponds 
to 1.3 um band. In the case where a semiconduc- 
tor substrate having the same ridge shape as 
above is used for growing on it a composition 
giving an oscillating wavelength of 1.45 urn band 
or 1.55 um band in the planar region of the sub- 
strate, the actual composition of the active layer 6 
on the ridge is not varied so greatly and cor- 
responds to an oscillating wavelength in the vicinity 
of 1.55 um for both of the starting compositions 
corresponding to 1 .45 um band and 1 .55 um band 
wile the actual composition of the MQW layer 6a in 
the groove is varied so as to correspond to 1.4 um 
band or 1.5 um band for the starting composition 
corresponding to 1.45 um or 1.55 um, respec- 
tively. 

As stated above, the composition of the active 
layer 6 on the ridge is constant, corresponding to 
1.55 um band while the composition of the MQW 
layer 6a in the groove is varied considerably. 

Analysis of the oscillating characteristics of 
such a semiconductor laser diode by a computer 
simulation revealed that the closer the composition 
of the MQW layer in the groove to the composition 
of the active layer on the ridge, the smaller the 
difference in potential in a vertical direction be- 
tween the both portions, and as a result there 
occurs the more leakage of current into the groove 
portion to increase the threshold current. 

Fig. 4B illustrates an example of results of 
simulated oscillation using a relatively simple 
model of a semiconductor laser diode having a 
nonplanar substrate of 1.5 um in ridge width, 2 um 
in gap distance, and 2 um in ridge height (groove 
depth), on which there is grown an MQW layer 
having a composition in the groove portion set so 
as to correspond to 1.3 um, 1.4 um or 1.5 um. In 
other words, Fig. 4B illustrates dependence of op- 
tical output on injected current for varied composi- 
tion of the MQW layer in the groove region. In Ftg. 
4B, the solid line indicates an ideal state in which 
there is no crystal defect while the broken line 
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indicates a state in which crystal quality is insuffi- 
cient, or there are crystal defects in a density of 
10 12 per cm 3 . 

From what is illustrated in Fig. 4B, one will be 
aware of two problems. First one is that the in- 
jected current threshold of the laser diode varies 
greatly depending on the composition of the MQW 
layer in the groove region. Second one is that the 
oscillating characteristics varies depending on cry- 
stal quality; the oscillating characteristics obtained 
by the current technology is considered to resem- 
ble one indicated in broken line. To improve the 
oscillating characteristics of a laser diode as de- 
scribed above, there are needed uniformity of in- 
jected current threshold and improvement of the 
quality of a crystal. 

Quality of a crystal depends largely on the 
density of damages occurring during the patterning 
of a nonplanar semiconductor substrate underlying 
the crystal although it also depends on the con- 
ditions of crystal growth. It is considered that the 
current oscillating characteristics are attributable to 
a decrease in crystal quality which occurs when 
the crystal growth of an active layer is performed 
directly on a nonplanar semiconductor substrate 
made by a dry process. Accordingly, in order to 
further increase the oscillating characteristic of a 
current optical device, it is necessary to decrease 
the occurrence of damages in a nonplanar semi- 
conductor substrate inclusive of those damages 
occurring during processing before the crystal 
growth 

The semiconductor light emitting device of the 
present invention preferably has a semiconductor 
thin film layer formed in the above-described 
groove region which layer has a conductivity type 
different from that of the substrate. 

It is also preferred that the active layer be 
formed on a nonplanar semiconductor substrate 
having a ridge shape of an anti-mesa structure. 

Further, it is preferred that a semiconductor 
thin film buffer layer be formed on a nonplanar 
semiconductor substrate. 

The method for the fabrication of the above- 
described semiconductor light emitting device in- 
cludes the steps of forming on a planar semicon- 
ductor substrate a semiconductor thin film protec- 
tive layer having a composition different from that 
of the semiconductor substrate, and processing the 
substrate into a nonplanar substrate. 

More particularly, in a semiconductor light 
emitting device having a strained MQW structure 
formed by MOVPE on a nonplanar semiconductor 
substrate having the above-described specified 
ridge configuration, improvements are made to in- 
troduce a semiconductor current blocking layer, 
form a semiconductor buffer thin film layer and 
introduce an anti-mesa ridge structure. 



Formation of the strained MQW thin film on the 
nonplanar semiconductor substrate by the introduc- 
tion of a semiconductor current blocking thin film 
layer, formation of a semiconductor buffer thin film 
5 layer, introduction of an anti-mesa ridge structure 
enables fabrication of a semiconductor light emit- 
ting device having a high quality and a high injec- 
tion efficiency. This allows diversified control of 
amount of wavelength shift along with control of 
70 oscillating wavelength by controlling the composi- 
tion which in turn is controlled by the pattern of the 
ridge and, hence, a highly improved semiconductor 
light emitting device can be realized. 

According to a second aspect of the present 
75 invention, an integrated optical circuit is provided 
which includes a semiconductor laser diode (LD), a 
first semiconductor detector or photodetector (PD), 
a second semiconductor detector which detects 
light of a wavelength longer than that detected by 
20 the first detector, a wavelength filter arranged be- 
tween the first and second detector, all being con- 
nected through an optical waveguide for integra- 
tion. This device can be used as a single 
wavelength transmitter and as a two-wavelength 
25 receiver. 

In the integrated optical circuit of the present 
invention, the semiconductor multilayer is formed 
preferably on a ridge formed between two grooves. 
By so doing, the effective bandgap of the semicon- 
30 ductor multilayer can be varied by adjusting the 
ridge width, gap distance and ridge height. Utilizing 
this phenomenon, a light emitting layer or active 
layer, light absorbing layer and an optical 
waveguide layer can be formed on the same semi- 
35 conductor substrate simultaneously. 

First, explanation will be made on the formation 
of a ridge or ridges used in the present invention 
and crystal growth thereon as well as change in 
bandgap of the thus grown multilayer. 
40 As shown in Fig. 5A, there is formed on a 

planar substrate 1 an oxide or nitride layer 2 by 
pattering. Thereafter, a ridge (or mesa) 3 on both 
sides of which there are formed grooves as shown 
in Fig. 5C by dry etching with a reactive gas ion 
45 such as chlorine ion or the like or by wet etching 
with a hydrochloric acid-containing etchant. The 
direction of the mesa is the same as in the case of 
fabrication of ordinary semiconductor laser diodes, 
that is, (01 1 direction on a (100) substrate (i.e., so- 
so called "anti-mesa" direction). Formation of a ridge 
or ridges can also be performed utilizing a selec- 
tive growth. In this case, a first mask pattern is 
formed using an insulator layer 2a which occupies 
a region where a groove 4 is to be formed as 
55 shown in Fig. 5B. This selective growth method 
can also provide a ridge as shown in Fig. 5C. In 
Fig. 5C, ridge width, dw, and gap distance, dg, are 
defined by distances on the upper surface of the 
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mesa structure. The height, h, of the mesa (ridge) 
is defined by a difference of height between the 
upper surface of the mesa and a flat surface in a 
bottom region of the groove. On the nonplanar 
semiconductor substrate having a ridge thus 
formed is grown a semiconductor multi layer 
(MQW structure) by MOVPE. 

The MQW structure grown by the above-de- 
scribed method has a composition which varies 
depending on the ridge width, gap distance and 
ridge height and so the bandgap wavelength varies 
accordingly. Fig. 6A is a graph illustrating shifts of 
the bandgap wavelengths of MQW structures 
formed on ridges having the same height of 2 urn, 
and different widths of 1 urn, 2 urn, 3 urn, 4 urn 
and 5 urn, respectively, with the gap distance 
being varied from 1 urn to 10 um from the band- 
gap wavelengths of MQW structures simultaneous- 
ly grown on a planar region of the substrate. Fig. 
6B is a graph illustrating shifts of the bandgap 
wavelengths of MQW structures formed on ridges 
of the same ride width and three different heights 
of 1.2 urn, 1.6 um and 2.0 um, with the gap 
distance being varied continuously from the band- 
gap wavelengths of MQW structures simultaneous- 
ly grown on a planar region of the substrate. As 
shown in Figs. 6A and 6B t shift of bandgap 
wavelength till 300 nm can be achieved by growing 
a MQW structure on a nonplanar semiconductor 
substrate. The narrower the ridge width or gap 
distance, the longer wavelength side the bandgap 
wavelength is shifted. 

As the MQW structure, there can be used any 
combination of compositions such as In- 
GaAs/lnGaAsP, InAsP/lnGaAsP, InGaAsP/lnGaAsP, 
InGaAs/lnP, InGaAs/lnAIAs, I n Ga As/I n G aAl As , etc. 

According to a third aspect of the present 
invention, there is provided an optical device in the 
form of a spot size converter makes most of 
changes in the composition and thickness of an 
epitaxial layer grown on a ridged substrate depend- 
ing on the shape of the ridge-like structure or 
waveguide. The changes in the composition or 
thickness of the epitaxially grown layer results in 
changes in the bandgap wavelength and refractive 
index. 

Here, the "ridge-like waveguide" consists of 
grooves and a ridge formed between the grooves. 
Hence, the sizes of the ridge-like waveguide in- 
clude not only the ridge width and ridge height but 
also the width of the groove (gap distance). 

Figs. 7 and 8 illustrate variation of PL 
(photoluminescence) peak wavelength of a spot 
size converter which has a MQW structure consist- 
ing of an InGaAs layer of 17 A thick and a 1.1 um 
(composition)-lnGaAsP layer of 150 A thick. Fig. 7 
illustrates dependence of wavelength shift on the 
gap distance, dg, using the ridge width, dw, as a 



parameter, when the ridge height is 2.0 um. PL 
peak wavelength on a planar substrate without any 
ridge is about 1.27 um. Figs. 7 and 8 show that 
when the size or sizes of the ridge structure is or 

5 are varied in a direction of light transmission, the 
epitaxial layer grown on the ridge has a bandgap 
wavelength which is varied in a direction of light 
transmission with concomitant change in refractive 
index. Therefore, an optical waveguide which in- 

70 eludes such a layer formed as a core has refractive 
index distributions of the core and cladding, re- 
spectively, which differ at both end faces of the 
waveguide. As a result, there can be readily re- 
alized an optical device which includes waveguides 

75 of different spot sizes, respectively. 

Hereinbelow, the present invention will be de- 
scribed in more detail by examples with reference 
to the drawings. However, the present invention 
should not be construed as being limited thereto. 

20 

Embodiment 1 Light Emitting Device 

The instant embodiment relates to a light emit- 
ting device (light emitting diode, LD, and laser 

25 diode, LD) fabricated by MOVPE growing of a 
crystal on a nonplanar InP substrate whose ridge 
width, ridge distance (gap distance) and ridge 
height were varied. The light emitting device had a 
oscillating wavelength region near a region of 1.3 

30 um to 1.65 um. 

Figs. 9A through 9E illustrate a process for 
fabricating the light emitting device of the instant 
embodiment 

First, as shown in Fig. 9A, a mask pattern for 

35 forming a ridge of predetermined sizes was formed 
on an InP substrate 1 with an oxide or nitride layer 
2. 

Next, as shown in Fig. 9B, grooves 4 for for- 
ming a ridge 3 were formed by dry etching with a 

40 reactive gas ions, for example, halogen ions such 
as chlorine ions, bromine ions, hydrocarbon ions 
such as those derived from methane, ethane, etc., 
ion milling with inert gas ions such as Ar ions, or 
wet etching with an etchant such as chlorine, sulfu- 

45 ric acid, bromine or the like. The angle of the 
formation of the ridge 3 was in a direction of <011) 
on an InP (100) substrate (so-called "anti-mesa" 
direction). As will be described later on, it has 
empirically revealed that this direction gives the 

so largest shift. 

The ridge 3 may be formed by a selective 
growth method. In this case, the mask pattern is 
reversed to that used in the formation of ridges by 
etching. That is, as shown in Fig. 9B, masks 2a 

55 were placed on regions in which grooves were to 
be formed. The selective growth method also gave 
the ridge 3 as shown in Fig. 9C. The ridge 3 may 
also be formed by crystal growth of an optical 
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waveguide layer of InGaAsP to a thickness of about 
1,000 A on a semiconductor substrate by an 
MOVPE method details of which will be described 
later on, followed by formation of ridged nonplanar 
substrate as shown in Fig. 9C. In this case, free- 5 
dom increases in the design of optical functional 
devices. In Fig. 9C, the ridge width, dw, and the 
gap distance, dg, were measured in terms of dis- 
tance on the upper surface of the mesa structure, 
and the height of the ridge 3 was defined by a w 
difference between the upper surface of the ridge 
and a flat surface of the bottom portion of the 
groove, taking into consideration the possibility that 
the shape of the ridge 3 was not upright. 

Subsequently, a semiconductor multilayer of a 75 
laser diode structure was formed on the nonplanar 
InP substrate 1 having the ridge 3 by an MOVPE 
method. 

The semiconductor multilayer was grown in a 
low pressure vertical MOVPE growth furnace at a 20 
pressure of 70 Torr and a growth temperature of 
630 °C. As the source material, there were used 
TMI (trimethylindium), TEG (triethylgallium), AsH 3 - 
(arsine), and PH 3 (phosphine). 

The semiconductor multilayer consisted of an 25 
n-lnP buffer layer 5, a 4- to 6-period InGaAsP 
strained MQW active layer of InGaAs (17 A)- 
/InGaAsP (150 A) (Ig = 1.1 um) and InGaAsP 
optical waveguide layer 6, a p-lnP cladding layer 7. 

Further, an upper portion of the ridge was 30 
masked and an n-lnP buried layer 8 was grown as 
shown in Fig. 9E. Thereafter, the mask was re- 
moved and a p-lnP buried layer 9 and a p-lnGaAsP 
contact layer 10 were grown overall (Fig. E). The 
growth steps shown in Figs. 9D and 9E may be 35 
performed as a through process by controlling 
growth conditions such as growth temperature, 
doses of dopants, etc. or the ridge width, dw. 

Finally, as shown in Fig. 9F, a p-type electrode 
11 was formed on the p-lnGaAsP contact layer 10 40 
as the uppermost multilayer on the ridge, and an n- 
type electrode 12 was formed on the InP substrate 
1. After alloying, devices were fabricated by 
cleavage or separation of electrodes. Injection of 
current in the resulting device caused laser beam 45 
emission in a direction indicated by an arrow in 
Fig. 9F. 

In the above-described fabrication process, a 
light emitting device of a buried heterostructure 
was realized on an InP substrate. When current 50 
was injected into the light emitting device, there 
was observed light emission from an end face of 
the ridge 3. 

Figs. 10A through 10C illustrate optical char- 
acteristics of the light emitting device of the 55 
present invention in comparison with the conven- 
tional light emitting device in which the active layer 
is formed on a nonplanar semiconductor substrate. 



More particularly, Figs. 10A through 10C illus- 
trate shifts in the oscillating wavelength of a MQW 
layer of In^xGaxAs/lnGaAsP (Ig = 1.1 um) of 17 A 
thick which was formed on a ridged substrate and 
had a tension of 0.5%. For comparison, a light 
emitting device was fabricated by growing on a 
planar substrate a crystal of MQW layer similarly to 
the present invention, dry etching the active layer 
to a predetermined width, and regrowing a buried 
semiconductor thin film layer. The comparative 
light emission had an oscillating wavelength of 1 .27 
um. 

Fig. 10A illustrates dependence of wavelength 
shift on the ridge width, dw, ranging from 1 um to 
6 um, using the gap distance, dg, as a parameter, 
when the ridge height is 2.0 um. As will be appar- 
ent from Fig. 10A, at a gap distance of not greater 
than 3 um (dg ^ 3 um), shift of the oscillating 
wavelength increases considerably according as 
the ridge width, dw, decreases. On the contrary, 
shift of the oscillating wavelength is little at a ridge 
width of not smaller than 4 um. 

Fig. 10B illustrates dependence of wavelength 
shift on the gap distance, dg, ranging from 1 um to 
10 um, using the ridge width, dw, as a parameter, 
when the ridge height is 2.0 um. As will be appar- 
ent from Fig. 10B, shift of the oscillating 
wavelength increases considerably according as 
the gap distance, dg, decreases when the ridge 
width, dw, is not greater than 2 um (dw £ 2 um). 
This variation is remarkable when the ridge width is 
not greater than 6 um. 

Fig. 10C illustrates dependence of wavelength 
shift on the ridge height, h, ranging from 1.2 um to 
2.2 um, using the ridge width, dw, as a parameter, 
when the gap distance, dg, is a constant value of 
1.5 um. As will be apparent from Fig. 10C, shift of 
the oscillating wavelength increases considerably 
according as the ridge height, h, increases. From 
the characteristics illustrated in Figs. 10A through 
10C, it can be seen that the shift of oscillating 
wavelength is very large when the ridge has minute 
sizes, i.e., a ridge width, dw, a ridge height, h, and 
a gap distance, dg, each not greater than 10 um, 
and in addition that the oscillating wavelength can 
be controlled by processing the ridge, etc. The 
oscillating wavelength shifts at a longer wavelength 
side with a smaller ridge width or a smaller gap 
distance. According to the present invention, there 
can be realized a light emitting device having a 
maximum oscillating wavelength of 1 .6 um in con- 
trast to the conventional light emitting device hav- 
ing an oscillating wavelength of 1.3 um using a 
planar substrate. This means a shift of 300 nm can 
be achieved by the present invention. 

To confirm what is a major factor of the shift of 
the oscillating wavelength according to the present 
invention, an InGaAs (Xg = 1.1 um) MQW layer 
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was grown on a ridged substrate, and dependence 
of the thickness of the MQW layer on the ridge 
width, dw, gap distance, dg, or the ridge height, h, 
of the substrate was examined. Figs. 11 A through 
11C illustrate the results in such a manner that 5 
they correspond to respective sizes in the embodi- 
ments. Fig. 11A is a graph illustrating dependence 
of the thickness of the MQW layer on the ridge 
width. The phenomenon that the ridge width, dw, 
abruptly increases at a ridge width of not greater io 
than 1.5 am is believed to reflect the migration of 
component atoms, particularly In, on the crystal 
surface. 

Fig. 11B is a graph illustrating dependence of 
the thickness of the MQW layer on the gap dis- 75 
tance, dg. On the other hand, Fig. 11C illustrates 
dependence of the thickness of the MQW layer on 
the ridge height, h. Both Figs. 11B and 11C show 
less variation in the thickness of the MQW layer. 
From the characteristics illustrated in Figs. 11A 20 
through 11C, it can be seen that although the 
thickness of the MQW increases slightly within the 
ranges of the ridge width, dw, ridge height, h, and 
gap distance, dg, each not greater than 10 urn, 
used in the present invention, the major factor that 25 
changes the shift of the oscillating wavelength 
greatly is a change in the composition of the MQW 
layer due to effects of the shape of the ridge. 

What is described above is an example in 
which the strained MQW layer consists of In- 30 
GaAs/lnGaAsP. Also, there may be used other lll-V 
group MQW materials that can grow on an InP 
substrate, for example, InGaAsP/lnGaAsP, In- 
GaAs/lnP, InAsP/lnAIAs, I n G a As/I n G a Al As , etc. The 
above-described control of the oscillating 35 
wavelength can be achieved in a shorter 
wavelength region (from 0.8 urn to near 1.1 urn) by 
growing an MQW structure of GaAs/AIGaAs, In- 
GaAs/AIGaAs, etc. on a GaAs substrate. 

40 

Embodiment 2 DFB Laser Diode 

The instant embodiment relates to fabrication 
of a DFB laser diode which has an improved con- 
trollability of the oscillating wavelength of the light 45 
emitting device described in Embodiment 1, and 
which oscillates in a single spectrum. 

Figs. 12A through 12C show formation of dif- 
fractive gratings on a ridged substrate for fabricat- 
ing a DFB laser diode according to the instant 50 
embodiment. 

Fig. 12A is a perspective view showing a semi- 
conductor substrate having a ridge on which dif- 
fractive gratings of a predetermined period are 
formed. The ridged substrate was formed with dif- 55 
tractive gratings 13 of a predetermined period by 
electron beam lithography or laser holography in a 
region where a ridge is to be formed, followed by 



forming a ridge 3. Subsequent processes such as 
formation of a semiconductor MQW layer and fab- 
rication of a light emitting device were the same as 
in Embodiment 1. 

Fig. 12B is a perspective view showing a semi- 
conductor substrate for fabricating a laser diode of 
the present invention. After a semiconductor optical 
waveguide 14 was formed on a substrate 1, diffrac- 
tive gratings 13 having a predetermined period 
were formed by electron beam lithography in a 
region where a ridge was to be formed. Then, the 
so-processed substrate 1 was formed with a ridge 
3 similarly to the substrate as shown in Fig. 12A. 
Subsequent processes such as formation of a 
semiconductor MQW layer and fabrication of a 
laser diode were the same as in Embodiment 1 
except that the step of forming an optical 
waveguide layer was unnecessary. 

Fig. 12C is a perspective view showing an 
example of a ridged semiconductor substrate for 
fabricating a laser diode of the present invention. 
The ridged substrate shown in Fig. 12C has diffrac- 
tive gratings 15 on side faces of a ridge 3. This 
construction was obtained by the steps of process- 
ing by electron beam lithography a mask for for- 
ming a ridge to provide the mask with diffractive 
gratings of a predetermined period, forming a ridge 
3 and simultaneously forming diffractive gratings 
15 on a side face of the ridge 3. Subsequent 
processes such as formation of a semiconductor 
MQW layer and fabrication of a laser diode were 
the same as in Embodiment 1 . 

In the instant embodiment, the laser diode op- 
erated at a single longitudinal mode upon injection 
of current into the laser to cause light emission. 

Embodiment 3 Gap Distance- Modulated Laser Di- 
ode array 

The instant embodiment relates to fabrication 
of a semiconductor laser diode (LD) array having 
constant ridge width, dw, and constant ridge height 
of a groove 4, with the gap distance, dg, being 
varied in four ways. Figs. 13A through 13E show a 
fabrication process for fabricating an LD diode ar- 
ray according to the instant embodiment. 

First, a stripe pattern made of an oxide or 
nitride layer 2 was formed on an n-lnP (100) sub- 
strate 1 by photolithography as shown in Fig. 13A. 
Then, the substrate was dry etched with chlorine 
gas to form a nonplanar substrate having ridges 3 
and grooves 4 of a gap distance-modulated type as 
shown in Fig. 13B. In this case, the ridges 3 having 
a ridge width, dw, of 1.5 u.m were formed in a 
direction of <011> (so-called "anti-mesa" direction). 
The ridge height was 2 um. The gap distance, dg, 
was varied serially from 1.5 um on the leftmost 
side, toward right hand side 1.3 um, 3.0 um, 3.5 
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um, and 4.0 urn on the rightmost side. 

Subsequently, there were formed on the n-lnP 
substrate 1 an fnP buffer layer 5, an active layer 
and optical waveguide layer 6 including an In- 
GaAsP optical waveguide and a strained MOW 
active layer consisting of 5-periods of InGaP well 
(20 A)/lnGaAsP barrier (150 A), and a p-lnP clad- 
ding layer 7, as shown in Fig. 13C. A semiconduc- 
tor multilayer consisting of the semiconductor lay- 
ers 5, 6 and 7 was grown by an MOVPE method at 
630 'C and at a pressure of 0.1 atm using TMI, 
TMG, AsH 3l PH3 as source gases for fabricating a 
semiconductor and selenium hydride and diethyl- 
zinc as doping gases. 

Further, an n-lnP layer 8 and a p-lnP layer 9 
for blocking current were formed by an MOVPE 
method, and then a p-lnGaAsP contact layer 10 
was formed on the layer 10 as shown in Fig. 13D. 
The crystal growth steps shown in Figs. 13C and 
13D may be performed in one time by controlling 
the growth conditions. However, in order to exactly 
control the thickness of the buried layer and dop- 
ing, the growth may be performed in two or three 
times dividedly. 

Subsequently, as shown in Fig. 13E, p-type 
electrodes 11 and n-type electrodes 12 were 
formed on the both sides of the substrate, and 
isolation grooves 16 were formed to electrically 
isolate the device in a transverse direction. The 
device thus fabricated was mounted on a heat sink 
17 and leads 18 were bonded to the electrodes 11. 
Thereafter, currents h , l 2 , I3 and U were injected 
into the ridges 3. As a result, there was observed 
emission of laser beams A1, A 2 , A3 and A* in a 
direction indicated by arrows shown in Fig. 13E. 

The oscillating wavelength corresponded well 
to the results of measurements of 
photolumtnescence, which confirmed that there 
was obtained light emission of high directivity cor- 
responding to the change in composition. The os- 
cillating spectrum on a planar substrate observed 
by photolumtnescence had a peak at 1.3 um 
whereas laser beams A1, A2, A3 and A4 from the 
respective end faces of the ridges separated by 
two adjacent grooves at a gap distance of 1.5 um, 
3.0 um, 3.5 um or 4.0 um, respectively, had peaks 
at 1.55 um, 1.5 um, 1.45 um or 1.4 um, respec- 
tively, as shown in Fig. 14. 

Embodiment 4 Gap Distance-Modulated Laser Di- 
ode Array with Diffractive Gratings 

According to the instant embodiment, diffrac- 
tive gratings were introduced into the construction 
of the LD array according to Embodiment 3 above 
in order to improve the controllability of oscillating 
wavelength and make the device oscillate in a 
single spectrum. 



Figs. 15A through 15E show a fabrication pro- 
cess for fabricating gap distance-modulated LD ar- 
ray according to the present invention. 

First, diffractive gratings 13 were formed on an 
5 InP substrate 1 by electron beam lithography as 
shown in Fig. 15A. The diffractive gratings had a 
width of 5 um and various periods of 2,400 A, 
2,300 A, 2,200 A. and 2,100 A, respectively, from 
right hand side toward left hand side. Sometimes, 
10 before the diffractive gratings 13 were formed on 
the InP substrate, an optical waveguide layer, for 
example, an InGaAsP layer, had been formed in 
advance by crystal growth. In this case, the cor- 
responding step of growing such an optical 

75 waveguide in the subsequent process was omitted. 

Next, the same procedure as in Embodiment 3 
were repeated. That is, after a stripe pattern con- 
sisting of an oxide or nitride layer 2 was formed as 
shown in Fig. 15B, the substrate was dry etched to 

20 give a nonplanar substrate having ridges 3 and 
grooves 4 as shown in Fig. 15C. Further, a semi- 
conductor multilayer consisting of the active layer 
and optical waveguide 6 and the cladding layer 7 
were grown on the nonplanar substrate 1 as shown 

25 in Fig. 15D, and the buried layers 8, 9 and 10 were 
grown on the layer 7 as shown in Fig. 15E. Then, 
p-type electrodes 11 were formed on the buried 
layer 10 while n-type electrodes 12 were formed on 
the substrate 1, the resulting structure being moun- 

30 ted on a heat sink 17, followed by attaching leads 
18 to the electrodes 11. Isolation grooves 16 were 
formed in the buried layer 10 to electrically isolate 
the electrodes 11. When currents h, l 2 , l 3 and U 
were injected into the ridges 3, there was observed 

35 emission of laser beams A1 , A2, A 3 and A4 in a 
direction indicated by arrows shown in Fig. 15F. As 
shown in Fig. 16, there were obtained 4-wavelength 
integrated emissions A1, A 2 , Aa and A4 each in a 
single mode. 

40 

Embodiment 5 Ridge Width-Modulated Laser diode 
array 

The instant embodiment relates to a fabrication 
45 of an LD array having a ridge 3 that has a constant 
height, h, and a constant gap distance, dg, with the 
width, dw, being varied in four ways. Figs. 17A 
through 17E show a fabrication process for 
fabricating an LD array according to the instant 
so embodiment. 

A stripe pattern made of an oxide or nitride 
layer 2 was formed on an n-lnP (100) substrate 1 
by photolithography as shown in Fig. 17A. The 
substrate was dry etched with chlorine gas to form 
55 a nonplanar substrate with ridges 3 and grooves 4 
of a ridge width-modulated type as shown in Fig. 
17B. Here, the ridge height, h, and the gap dis- 
tance, dg, were fixed to 2 um and 1 .5 um, respec- 
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tively, and the ridge width, dw, was varied from 1.5 
urn at the rightmost side toward 2.0 um, 2.5 um 
and 3.0 urn at the leftmost side. 

Subsequently, there was formed on the non- 
planar substrate a crystal having an active layer 6 
of a strained MOW structure consisting of 5- 
periods of InGaP well (20 A)/lnGaAsP barrier (150 
A) together with the semiconductor layers 5 and 7 
in the same manner as in Embodiment 3, as shown 
in Fig. 17C. 

Further, embedding regrowth was performed to 
form buried layers 8, 9 and 10 in the same manner 
as in Embodiment 3 to obtain a structure as shown 
in Fig. 17D. Also, formation of electrodes 11 and 12 
and subsequent procedure including mounting of 
the device on a heat sink 17 were performed in the 
same manner as in Embodiment 3 to finally obtain 
a four-wavelength integrated laser diode array as 
shown in Fig. 17E. This had oscillating characteris- 
tics similar to those illustrated in Fig. 16. That is, 
oscillating spectrum on a planar substrate was ob- 
served to have a peak at 1.3 urn while the peak 
emission from the active layer on the ridge varied 
from 1.55 urn, to 1.5 urn, 1.45 um, and 1.4 urn 
according as the ridge width increases from 1.5 
um to 2.0 um, 2.5 um, and 3.0 um. 

Embodiment 6 Detector 

The instant embodiment relates to a detector 
having the same structure as the light emitting 
device of Embodiment 1 except that the active 
layer in the structure of Embodiment 1 was re- 
placed by a detecting layer. This detector was 
fabricated by the same process as in Embodiment 
1. The detector of the instant embodiment like light 
emitting devices responded to light having a 
wavelength corresponding to the composition of 
the detecting layer formed on the ridge. Therefore, 
optical response was able to be detected by input- 
ting light in a direction opposite to that of the arrow 
in Fig. 9F and detecting current generated in the 
electrode 11. For example, a detector having a 1.3 
um-composition did not respond to a 1.55 um 
beam inputted through an end face while when 
both 1.3 um and 1.55 um light beams were input- 
ted simultaneously, the detector responded to a 
light beam of 1 .3 um alone. 

Embodiment 7 Integrated Optical Device 

Various other optical functional devices can be 
realized by fabrication processes similar to the 
process shown in Figs. 9A through 9F. For exam- 
ple, there can be fabricated optical waveguides 
having different optical characteristics depending 
on different compositions, optical modulators or 
optical switches operating within specified 



wavelength regions, wide-band semiconductor am- 
plifiers, etc. Simultaneous fabrication of these on 
one semiconductor substrate results in the realiza- 
tion of integrated optical devices having high inter- 
5 device coupling efficiencies. 

More concretely, there can be cited as an 
example a monolithic integrated optical circuit for 
use in receivers in coherent communication sys- 
tems. As shown in Fig. 18, this integrated circuit 

io includes a wavelength-tunable multielectrode DFB 
laser 30 as a local oscillation light source, a direc- 
tional coupler-type 3 dB coupler 31, a waveguide- 
type PIN photodetector 32, a butt-joint portion 33, 
and optical waveguides for transmitting optical sig- 

75 nals. By combination of 4- or 5-times of crystal 
growths and high processing techniques, there 
have already been realized a device which affords 
fundamental operations (Takeuchi, et al., Denshi 
Joho Tsushin Gakkai Ronbunshi, C-f1, Vol. J73-J-1, 

20 No. 5, pp360-367, May 1990) (The Institute of 
Electronics, Information and Communication Engi- 
neers, transactions, C-f1, Vol. J73-J-1, No. 5, 
pp360-367, May 1990). 

However, the above-described device has in- 

25 sufficient characteristics, not to speak of optical 
coupling efficiency, because of repetition of the 
process many times. According to the present in- 
vention, the above-described integrated optical cir- 
cuit can be realized by only one growing operation 

30 if only a mask pattern is formed on the substrate in 
the beginning, and the product has excellent char- 
acteristics to begin with coupling efficiency. This 
makes crystal growth and the process simplified so 
that fabrication cost can be reduced greatly. 

35 As described concretely by Embodiments 1 to 

7 above, the present invention enables one to 
relatively easily realize optical devices including a 
semiconductor substrate on which a plurality of 
optical functional devices are arranged whose op- 

40 tical characteristics differ slightly from each other, 
or on which optical functional devices are inte- 
grated at high density. This makes a rapid 
progress in optical communication. 

45 Embodiment 8 Gap Distance-Modulated Super-lu- 
minescent Photodiode (SLD) 

Figs. 19A through 19E show a process for 
fabricating a gap distance-modulated super- 

50 luminescent photodiode (SLD) according to the in- 
stant embodiment. In this embodiment, the ridge 
width and ridge height were made constant, and 
the gap distance was varied in five ways. 

As shown in Fig. 19A, a stripe pattern made of 

55 an oxide or nitride layer 2 was formed on an n-lnP 
(100) substrate 1 by photolithography. This pattern 
was constructed by a stripe which corresponded to 
a ridge to be formed and two mask pieces sand- 
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wiching the stripe therebetween. The masks were 
in the form of a plateau stepped along the length of 
the stripe. When an optical waveguide, for exam- 
ple, an InGaAsP layer, was grown on the n-lnP 
substrate before the patterning, the corresponding 
growth step in the subsequent crystal growth was 
able to be omitted. 

Next, the substrate was dry etched with chlo- 
rine gas to form a nonplanar substrate with ridges 
3 and grooves 4 of a gap distance-modulated type 
as shown in Fig. 19B. Here, the ridge 3 was formed 
in a direction of <011> (so-called "anti-mesa" direc- 
tion), and the ridge width, dw, and the ridge height, 
h, were set to 1.5 urn and 2 urn, respectively. The 
gap distance, dg, was set, at every 300 am along 
the length of the ridge, to 1.5 urn, 3.0 urn. 3.5 am 
and 4.0 urn, and 10.0 mm. 

Subsequently, there were formed, on the non- 
planar substrate 1, an InP buffer layer 5, an active 
layer 6 having an InGaAsP waveguide layer and a 
strained MQW structure consisting of 5-periods of 
InGaP well (20 A)/lnGaAsP barrier (150 A), and a 
p-lnP layer 7, as shown in Fig. 19C. These layers 
were grown by MOVPE using TMI, TMG, AsH 3 , 
and PH 3 as source gases for fabricating semicon- 
ductors and selenium hydride and diethylzinc as 
doping gases at 630° C and at 0.1 atm. 

The spectrum on a planar substrate observed 
by a photoluminescence method had a peak at 1.3 
um while the peak emission from the active layer 
on the ridge whose adjacent grooves was of a gap 
distance of 1.5 um, 3.0 um, 3.5 um, 4.0 um or 
10.0 um varied from 1.55 um, to 1.5 um, 1.45 um, 
1.4 um, or 1.35 um, respectively. 

Further, using MOVPE, a p-lnP cladding layer 
7* was overgrown on the p-lnP cladding layer 7, 
and then an n-lnP layer 8 and a p-lnP layer 9 were 
grown on the cladding layer 7 for blocking current. 
Thereafter, a p-lnGaAsP contact layer 10 was 
formed as shown in Fig. 19D. The crystal growth 
steps shown in Figs. 19C and 19D may be per- 
formed in one time by controlling the growth con- 
ditions. However, in order to exactly control the 
thickness of the buried layer and doping, the 
growth may be performed in two or three times 
dividedly. 

Thereafter, p-electrodes 11 and n-electrodes 
12 were formed on the upper and lower faces of 
the substrate, and isolation grooves 16a for isolat- 
ing individual portions which vary in the composi- 
tion on the ridges were provided as shown in Fig. 
19E. 

The device thus fabricated was mounted on a 
heat sink 17, and wiring 18 was bonded. Upon 
injection of currents h through Is, highly directional 
light emissions dependent on the injected currents 
were observed in a direction shown by an arrow A 
in Fig. 19E. The emitted light beams corresponded 



to respective compositions of the active layers on 
the ridges, and also corresponded well to results of 
photoluminescence measurement indicated by thin 
solid lines A1 through A5 in Fig. 20. 

5 When current was applied to all of the elec- 

trodes simultaneously, the device oscillated in a 
wide band ranging from 1.3 um to 1.6 um as 
shown in a thick solid line A in Fig. 20. Then, 
another emission was observed as shown in a thick 

10 broken line B in Fig. 20 in a direction indicated by 
an arrow B which is opposite to the direction in- 
dicated by the arrow A in Fig. 19. This is because 
light with a relatively short wavelength emitted on 
the front face is absorbed in a region opposite 

75 thereto. 

Embodiment 9 Ridge Width-Modulated SLD 

The instant embodiment relates to a ridge 

20 width-modulated SLD, and Figs. 21 A through 21 E 
illustrate a process for fabricating such a ridge 
width-modulated SLD. In this embodiment, the 
groove width (gap distance) and groove depth 
(ridge height) were kept constant while the ridge 

25 width was varied in five ways. 

As shown in Fig. 21A. a stripe pattern made of 
an oxide or nitride layer 2 was formed on an n-lnP 
(100) substrate 1 by photolithography. This pattern 
was constructed by a polygonal stripe portion 

30 which included an expected ridge portion and two 
mask pieces sandwiching the stripe portion there- 
between. The masks were in the form of a plateau 
stepped in width along the length of the stripe. 

Next, the substrate was dry etched in the same 

35 manner as in Embodiment 8 to form a nonplanar 
substrate with a ridge 3 and grooves 4 of a gap 
distance-modulated type as shown in Fig. 21 B. 
Here, the ridge 3 was formed in a direction of <011> 
(so-called "anti-mesa" direction). The ridge 3 had 5 

40 kinds of ridge widths, dw, differing at every 300 um 
along the length of the ridge, i.e., 1 um, 2 um, 3 
um, 4.0 um, and 10.0 um. The height of the ridge, 
h, was 2 um, and the gap distance, dg, was 2.5 
um. 

45 Subsequently, the procedures of Embodiment 

8 were repeated to grow, on the nonplanar sub- 
strate 1, an InP buffer layer 5, an active layer 6 
including an InGaAsP waveguide layer and a 
strained MQW structure consisting of 5-periods of 

50 InGaP well (20 A)/lnGaAsP barrier (150 A), and a 
p-lnP layer 7, as shown in Fig. 21 C. 

The oscillating spectrum of the crystal grown 
on the ridge was measured by photoluminescence. 
The crystal had different peak wavelengths from 

55 crystal portion to crystal portion corresponding to 
different ridge widths. Thus, the peak wavelengths 
of 1.55 um, 1.5 urn, 1.45 um, 1.4 um, and 1.35 
um corresponded to ridge widths of 1 um, 2 um, 3 
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urn, 4.0 am, and 10.0 um. 

Thereafter, in order to obtain a buried 
heterostructure, an oxide or nitride layer 2' was 
again formed as a mask as shown in Fig. 21 D, 
followed by dry etching to obtain a structure as 
shown in Fig. 21 E. Embedding regrowth and forma- 
tion of electrodes were performed in the same 
manner as in Embodiment 8 to obtain structures 
similar to those shown in Figs. 19D and 19E, 
respectively. The optical device thus fabricated had 
oscillating characteristics similar to that illustrated 
in Fig. 20. 

Embodiment 10 Ridge Height-Modulated SLD 

The instant embodiment relates to a ridge 
height-modulated SLD. Figs. 22A through 22E illus- 
trate a fabrication process for fabricating such a 
ridge height-modulated SLD. In the instant embodi- 
ment, the ridge width and groove width (gap dis- 
tance) were kept constant while the ridge height 
(groove depth) was varied in five ways. 

First, as shown in Fig. 22A t a stripe pattern 
made of an oxide or nit ride layer 2 was formed on 
an n-lnP (100) substrate 1 by photolithography. 
This pattern comprises two plateau-shaped mask 
pieces, formed on the substrate 1 at a predeter- 
mined distance from each other so that a ridge was 
able to be formed therebetween. Each of the mask 
pieces 2 had portions stepped in width on the outer 
side as shown in Fig. 22A. 

Next, an n-lnP layer was grown selectively to 
form a nonplanar substrate having a ridge sand- 
wiched by two grooves with different groove widths 
or gap distances along the length of the ridge, as 
shown in Fig. 22B. The ridge thus formed had 
different heights along its length and, hence, 
stepped in height as shown in Fig. 22B, since 
growth rate varied depending on the width of the 
mask. 

Here, the ridge 3 was formed in a direction of 
<01 1> (so-called "anti-mesa" direction). The ridge 3 
had five kinds of ridge heights, h, differing at every 
300 urn along the length of the ridge, i.e., 1.2 urn, 
1.4 urn, 1.6 urn, 1.8 um, and 2.0 urn. The width of 
the ridge, dw, was 1.5 urn, and the gap distance, 
dg, corresponded to the widths of the mask. 

Subsequently, in order to make the gap dis- 
tance uniform, the oxide or nitride layer 2 was 
formed again as a mask as shown in Fig. 22C, and 
the substrate was dry etched to obtain a nonplanar 
substrate which differed only in ridge height, h, and 
had constant ridge width, dw, and gap distance, dg, 
along the length of the ridge as shown in Fig. 22D. 
The gap distance was adjusted to 2.5 urn uni- 
formly. 

Then, the procedures of Embodiment 8 were 
repeated to grow, on the nonplanar substrate 1, an 



InP buffer layer 5. an active layer 6 including an 
InGaAsP waveguide layer and a strained MQW 
structure consisting of 5-periods of InGaP well (20 
A)/lnGaAsP barrier (150 A), and a p-lnP cladding 

5 layer 7, as shown in Fig. 22E. 

The spectrum of the crystal grown on the ridge 
was measured by photoluminescence. The crystal 
had different peak wavelengths from crystal portion 
to crystal portion corresponding to different ridge 

io heights. That is, there were obtained peak 
wavelengths of 1.35 urn, 1.4 urn, 1.45 um, 1.5 urn, 
and 1.55 um which corresponded to ridge heights 
of 1.35 um, 1.4 um, 1.45 um, 1.5 um, and 1.55 
um. 

75 Further, embedding regrowth was performed in 

the same manner as in Embodiment 8 to give a 
structure simitar to that shown in Fig. 19D, followed 
by formation of electrodes in the same manner as 
in Embodiment 8 to give an optical device similar 

20 to that shown in Fig. 19E. The optical device thus 
fabricated had oscillating characteristics similar to 
that illustrated in Fig. 20. 

Variation 

25 

Figs. 23A through 23C illustrate a variation of a 
process for fabricating a ridge height-modulated 
SLD according to Embodiment 10. 

As shown in Fig. 23A, a mask 2 was so that 
so two mask pieces were arranged in a relation inside 
out to the situation shown in Fig. 22A. After selec- 
tive growth, a nonplanar substrate was fabricated 
whose ridge had various widths and heights along 
its length as shown in Fig. 23B. In order to make 
35 the ridge width uniform, an oxide or nitride layer 2* 
was formed again as shown in Fig. 23C, and the 
substrate was dry etched to give a nonplanar sub- 
strate of which only the ridge height varied, similar 
to the nonplanar substrate shown in Fig. 22D. The 
40 device thus fabricated had oscillating characteris- 
tics similar to that shown in Fig. 20. 

Further, a ridge height-modulated SLD was fab- 
ricated in the same manner as in Embodiment 10 
to have a structure similar to that shown in Fig. 
45 22E. The device thus obtained had oscillating char- 
acteristics similar to that shown in Fig. 20. 

As described concretely in Embodiments 8 to 
10, highly integrated SLD can be realized by the 
present invention. Therefore, there is expected rap- 
so id progress in the development of measurement or 
evaluation methods making most of the advantage 
of wide-band oscillating wavelength characteristics. 

Embodiment 11 Semiconductor Light Emitting De- 
55 vice with a Current Blocking Layer 

Figs. 24A through 24E illustrate a process for 
fabricating a light emitting device which has a 
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current blocking layer in grooves of a nonplanar 
semiconductor substrate. 

First, oxide layers 2, 2b (same composition) 
were formed on an n-lnP substrate 1 for etching in 
a predetermined pattern for preparing a nonplanar 5 
semiconductor substrate as shown in Fig. 24A. 
Then, the n-lnP substrate 1 was dry etched by 
reactive ion etching with chlorine gas so that 
grooves 4 were formed therein. Thereafter, the 
oxide layer 2 was removed while the oxide layer 2b 10 
on the ridge was left as was. Thus, there was 
obtained a nonplanar substrate having a ridge 
width, dw, a ridge height, h, and a gap distance, 
dg, as shown in Fig. 24B. 

On this nonplanar substrate was a p-lnP layer 75 
19 was grown to a thickness of from about 0.2 urn 
to 0.3 urn by MOVPE at a pressure of 70 Torr and 
at a substrate temperature of from about 600 °C to 
700 °C with feeding TMI, PH 3 , and diethylzinc (Zn- 
(C2Hs)2) as a p-type dopant as shown in Fig. 24C. 20 
The thin film layer thus grown which had a con- 
ductivity type different from that of the nonplanar 
substrate will be referred to hereinafter to "current 
blocking layer". 

Next, the oxide layer 2b on the ridge 3 was 25 
removed and there were formed an MQW active 
layer 6 and an in-groove MQW layer 6a, both 
layers having a composition of InGaAsP/lnGaAs. 
These layers 6 and 6a were formed by feeding 
predetermined amounts (flow rates) of TEGa, AsH 3 , 30 
TMI, and PH 3 in a manner such that 1.1 um- 
InGaAsP thin film of 150 A thick and InGaAs thin 
film of 20 A were grown alternately in, for example, 
4 to 6 periods, to form an MQW structure. Subse- 
quently, a p-lnP cladding layer 7, an n-lnP buried 35 
layer 8, a p-lnP layer 9, a p-lnGaAsP contact layer 
10 were grown in this order to obtain a buried 
heterostructure as shown in Fig. 24D. 

The process according to the instant embodi- 
ment enables controlling oscillating wavelength of 40 
the fabricated light emitting device to within the 
range of from 1.3 urn to 1.6 urn depending on the 
shape factors of the semiconductor substrate, i.e., 
ridge width, dw, gap distance, dg, and ridge height, 
h. In the process of the instant embodiment, since 45 
the p-lnP current blocking layer 19 was to be 
formed first, adjustment of the ridge height was 
necessary. It was sufficient to adjust the ridge 
height by making the ridge height, i.e., groove 
depth, prior to the growth of the current blocking 50 
layer (cf. Fig. 24B) larger than what should be 
obtained finally by a decrease in the groove depth 
by the growth of a current blocking layer, i.e., by 
the thickness of the current blocking layer to be 
grown. Thereafter, a p-electrode 1 1 was formed on 55 
a portion of the contact layer 10 just above the 
ridge 3 while an n-electrode 13 was formed on the 
side of the semiconductor substrate to fabricate a 



light emitting diode chip as shown in Fig. 24E. 

Fig. 25 is a graph which illustrates the oscillat- 
ing characteristics of the light emitting device fab- 
ricated by the above-described process in solid 
line. For comparison, the oscillating characteristics 
of a similar light emitting device having no current 
blocking layer was indicated in broken line. In the 
instant embodiment, provision of a current blocking 
layer resulted in decrease in threshold of injected 
current and high linearity to increase oscillating 
efficiency and output. Hence, it was confirmed that 
the introduction of p-lnP current blocking layer 19 
improved the oscillating characteristics consider- 
ably. 

Embodiment 12 Light Emitting Device with a Buffer 
Layer 

Figs. 26A to 26D illustrate a fabrication process 
for fabricating a light emitting device having an n- 
InP thin film layer as a buffer layer grown on a 
nonplanar semiconductor substrate in order to 
avoid the occurrence of a damaged layer during 
the preparing the nonplanar semiconductor sub- 
strate so that the oscillating characteristics can be 
improved. To examine influences of the presence 
of a buffer layer and the shape of the ridge, two 
types of light emitting devices were fabricated 
which had buffer layers of normal-mesa and anti- 
mesa structures, respectively. 

First, an oxide layer 2 was formed on an n-lnP 
substrate 1 for etching in a predetermined pattern 
as shown in Fig. 26A. 

Next, the substrate 1 was dry etched by reac- 
tive ion etching (RIE) with, for example, chlorine 
gas to form grooves 4 so that the n-lnP substrate 1 
was able to have a ridge 3 of a normal-mesa 
structure to obtain a normal-mesa type nonplanar 
semiconductor substrate (Fig. 26B). On the other 
hand, another n-lnP substrate 1 having the oxide 
layer 2 was wet etched with bromine-containing 
etchant, for example, an aqueous solution of 
hydrobromic acid (3HBr + H 2 0) to fabricate an 
anti-mesa type nonplanar semiconductor substrate 
having a ridge 3 of an anti-mesa structure (Fig. 
26C). Thereafter, the oxide layer 2 was removed 
from the both types of the semiconductor sub- 
strates. 

Then, a buffer layer 5 was grown to a thickness 
of about 0.1 urn to 1.0 jxm. The growth was per- 
formed by MOVPE at a pressure of 70 Torr and a 
substrate temperature within the range of from 
about 600 • C to 700 • C, with feeding as the source 
material TMI and PH 3 as well as selenium hydride 
(HbSe) as an n-type dopant. Subsequently, there 
were formed an MQW active layer 6 and an in- 
groove MQW layer 6a, both layers having a com- 
position of InGaAsP/lnGaAs. These layers 6 and 6a 
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were formed by feeding predetermined amounts 
(flow rates) of TEGa, AsH 3 , TM!, and PH 3 in a 
manner such that 1.1 um-lnGaAsP thin film of 150 
A thick and InGaAs thin film of 20 A thick were 
superimposed alternately in, for example, 4 to 6 
periods, to form a MOW striker. Further, a p-lnP 
cladding layer 7, an n-lnP buried layer 48, a p-lnP 
layer 9, a p-lnGaAsP contact layer 10 were grown 
in this order to obtain a buried heterostructure as 
shown in Fig. 26D. Finally, a p-electrode 11 was 
formed on a part of the contact layer 1 0 just above 
the ridge 3, and an n-electrode 12 was formed on 
the side of the semiconductor substrate. Thus, a 
light emitting diode chip of the present invention 
was fabricated (Fig. 26E). 

The process according to the instant embodi- 
ment enables one to control the oscillating 
wavelength of a fabricated light emitting diode to 
within the range of from 1.3 urn to 1.6 urn depend- 
ing on the shape factors of the semiconductor 
substrate, i.e., ridge width, dw, gap distance, dg, 
and ridge height, h. 

Fig. 27 is a graph which illustrates the oscillat- 
ing characteristics of the semiconductor light emit- 
ting diode fabricated by the above-described pro- 
cess. More particularly, Fig. 27 illustrates the de- 
pendence of oscillating efficiency (thick solid line) 
and wavelength shift (thin solid line for anti-mesa 
type, and broken line for normal-mesa type) on the 
thickness of a buffer layer. Oscillating efficiency 
was independent of the shape of the mesa and 
varied considerably depending on the thickness of 
the buffer layer in the same fashion regardless of 
whether it was of a normal-mesa structure or of an 
anti-mesa structure, as indicated by thick solid line. 
From Fig. 27, it can be seen that provision of a 
buffer layer improved the oscillating characteristics 
by about 5 times as high as that exhibited by the 
structure having no buffer layer. This improvement 
is believed to be attributable to the phenomenon 
that the more improved quality of the crystal, the 
thicker the buffer layer. 

Further, it can be seen that assuming 
wavelength shift is a wavelength region in which 
the oscillating wavelength can be controlled, the 
wavelength shift decreased steeply with increase in 
the thickness of the buffer layer in the case of a 
normal-mesa structure while this decrease was rel- 
atively moderate in the case of an anti-mesa struc- 
ture. This tendency is believed to be attributable to 
the fact that the effective depth of groove (ridge 
height), h, decreases during the growth of the buff- 
er layer, and this decrease in effective ridge height 
is alleviated more in anti-mesa structures than in 
normal-mesa structures since the former have 
greater volume than the latter. The oscillating char- 
acteristics illustrated in Fig. 27 indicates that provi- 
sion of a buffer layer and anti-mesa structure of a 



ridge structure are effective for further improve- 
ment of the oscillating characteristics of a light 
emitting device. 

5 Embodiment 13 Semiconductor Light Emitting De- 
vice Having a Damage Absorbing Layer 

It is known that while a nonplanar semiconduc- 
tor substrate is being formed, particularly when an 

10 oxide layer is formed and when dry etching, for 
example RIE with chlorine, damages tend to occur 
in the semiconductor substrate and the quality of 
crystals grown thereon deteriorates, resulting in 
deteriorated characteristics of the resulting light 

75 emitting device. The instant embodiment is intend- 
ed to prevent this deterioration by provision of a 
damage absorbing layer on the semiconductor sub- 
strate. 

Figs. 28A to 28D illustrate a fabrication process 

20 for fabricating a semiconductor light emitting diode 
having a damage absorbing layer. 

First, a damage absorbing layer 20 of, for ex- 
ample, 1.3 um-lnGaAsP was grown to a thickness 
of 0.1 urn to 0.5 um on a planar semiconductor 

25 substrate by MOVPE, and then a pattern of an 
oxide layer 2 was formed as shown in Fig. 28A. 
The substrate was dry etched to process the dam- 
age absorbing layer 20 and the semiconductor 
substrate 1 , followed by removal of the oxide layer 

30 2 to obtain a nonplanar semiconductor substrate 
with the damage absorbing layer 20 thereon as 
shown in Fig. 28B. The substrate was selective 
etched with a sulfuric acid based solution to re- 
move the damage absorbing layer 20. Thereafter, 

35 the same procedures as in Embodiment 11 or 12 
were repeated to grow the same layers 6, 7, 8, 5, 
9, 10 as shown in Fig. 28C and provide the elec- 
trodes 11 and 12 to fabricate a semiconductor 
emitting device as shown in Fig. 28D. Here, the 

40 patterning and etching were performed so that the 
shape of the grooves, particularly effective depth 
(ridge height), was not affected by the provision of 
the damage absorbing layer as described in Em- 
bodiment 12 above. 

45 It was confirmed that the provision a damage 

absorbing layer not only improved the oscillating 
efficiency of a semiconductor light emitting device 
but also increased its output due to improvement in 
quality of the crystal like Embodiments 11 and 12 

so above. 

As described concretely in Embodiments 11 
through 13, there can be realized, according to the 
present invention, a highly efficient light emitting 
device whose oscillating wavelength can be con- 

55 trolled readily, and the use of a highly integrated 
optical functional device featured by a wide-band 
oscillating wavelength characteristics enables one 
to realize rapid progress in the development of 
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measurement method, evaluation method, etc. 

Embodiment 14 Integrated Optical Circuit 

Fig. 29 is a schematic plan view showing an 5 
example of an integrated optical circuit according 
to the present invention, tn the instant embodiment, 
the integrated optical circuit were designed to use 
two wavelengths: 1.3 urn and 1.5 urn. Explanation 
will be made hereinafter taking an example of a io 
ping-pong two-way communication system using 
light having a wavelength in a 1.3 urn band, or 
broadcasting such as CATV using light having a 
wavelength in a 1.5 um band. Herein, by the terms 
"1.3 urn PD" and w 1.5 um PD", are meant PD for 75 
a 1 .3 urn band light, and PD for 1 .5 urn band light, 
respectively. Similarly, by the terms "1.3 urn LD" 
and "1.5 urn LD", are meant LD for a 1.3 urn band 
light, and LD for 1.5 urn band light, respectively. 

In Fig. 29, reference numeral 41 denotes a Y- 20 
branched optical waveguide, 41a, 41b and 41c are 
portions of the waveguide 41, 42 is a 1.3 urn band 
distributed feedback (DFB) semiconductor laser 
(LD), 43 is a monitor PD, 44 is a 1.3 um PD, 45 is 
a 1.3 um residual light absorbing region or layer, 25 
46 is a 1.5 um PD, 47 is a semiconductor sub- 
strate, 48 is a LD branch portion, and 49 is a PD 
branch portion. 

First explanation will be made of the operation 
of the integrated optical circuit. In a 1.3 um band 30 
ping-pong two-way optical communication, trans- 
mission and reception are time-shared. They are 
not performed simultaneously. In a 1.5 um band, 
communication is of a broadcasting type, and only 
reception is performed. For transmission of a 1.3 35 
um band light, laser beam generated in the DFB 
laser (1.3 um LD) is propagated through the Y- 
branched waveguide 41 and outputted out of the 
integrated optical circuit. The power of the output- 
ted light is monitored by the monitor PD 43. 40 

For reception of 1 .3 um and 1 .5 um light, a 1.3 
um light inputted in the integrated optical circuit is 
propagated through a straight portion of the Y- 
branched waveguide 31 and split at the Y-branch 
and propagated through two waveguides. The light 45 
to the LD branch 48 is inputted to the LD 42. 
However, no influence is given to the LD 42 since it 
is not active while a 1.3 um band light is being 
received. On the other hand, light to the PD branch 
49 is absorbed by the 1.3 um PD 44 and con- so 
verted into photocurrent. Residual rays not ab- 
sorbed are absorbed by the residual light absorb- 
ing region 45 and, hence, no 1.3 um light is 
inputted in the 1.5 um PD 46. In other words, the 
1 .3 um residual light absorbing region 45 serves as 55 
a wavelength filter which cuts 1.3 um light but 
allows 1.5 um light to pass through it. When 1.5 
um light is inputted, it is propagated through a 



straight portion of the Y-branched waveguide 41 
and split to two at the Y-branch, and then propa- 
gated in two waveguides. Light to the LD branch 48 
is inputted in 1.3 um LD 42. In this occasion, 1.5 
um band light is not absorbed by the active layer 
of the 1.3 um LD. giving no influence to the 1.3 um 
LD 42. Light to the PD branch 49 is not absorbed 
by the residual light absorbing layer 45 having a 
1.3 um band composition and therefore this light 
transmits through the 1.3 um PD 42 and 1.3 um 
residual light absorbing region 45 and reaches the 
1.5 um PD 46 where it is absorbed to generate 
photocurrent. 

Next, explanation will be made of a fabrication 
process for fabricating the integrated optical circuit 
of the instant embodiment with reference to Figs. 
30 through 36. 

1. Crystal growth: 

1-1) On an n-lnP substrate were grown a 
waveguide layer 14 consisting of 1.1 urn-com- 
position InGaAsP of 0.3 um thick and an InP 
layer 5 of 20 nm thick to obtain a structure 
shown in Fig. 30. 

1-2) Diffractive grating 13 having a pitch of 200 
nm was formed in a region expected to become 
a 1.3 um LD (cf. 42 in Fig. 29) as shown in Fig. 
31. 

1-3) In a region of a flat surface 21 where a 1.5 
um PD (46 in Fig. 29) was to be formed, there 
was formed a ridge 3a which had a shape 
defined by a gap distance dg = 2 um, a ridge 
width dw = 2 um, and a ridge height h = 2 
um. On the other hand, in each of regions 
where 1 .3 um LD and monitor PD, and 1 .3 um 
PD were to be fabricated, respectively (42, 43 
and 44 in Fig. 29), there was formed a ridge 3b 
which had a shape defined by a gap distance 
dg2 =10 um, a ridge width dw = 2 um, and a 
ridge height h = 2 um. Thus, a structure as 
shown in Fig. 32 was obtained. 
1-4) On the resulting nonplanar substrate, there 
was grown a MOW structure 6 which was able 
to effectively give a bandgap of 1.25 um on the 
flat surface 21 . As described above, the oscillat- 
ing wavelength shifted toward longer wavelength 
side on the ridges 3a and 3b. There appeared a 
1 .5 um bandgap MQW structure 6a on the ridge 
3a (dgi = 2 um) while a 1.3 um bandgap MQW 
structure 6b was obtained on the ridge 3b (dg2 
= 10 um). 

1-5) Embedding regrowth was performed to em- 
bed 1.5 um PD, 1.3 um LD and 1.3 um PD 
portions. This was done by MOVPE, preferably 
according to the method described in Japanese 
Patent Application Laying-open No. Hei-5- 
102607 (1993). More particularly, a Zn-doped p- 
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InP current blocking layer 7, an Se-doped n-lnP 
current confining layer 8 were grown in this 
order by MOVPE as shown in Fig. 34. The p-lnP 
layer 7 and the n-lnP layer 8 served as a current 
constricting and light confining layer. When the 
Se was doped in the n-lnP layer 8 in an amount 
of not smaller 5x1 0 18 cm"" 3 , the growth of the n- 
InP buried layer (current confining layer) 8 was 
suppressed on the ridge and, hence, a mul- 
tilayer structure was obtained in which only the 
p-lnP current confining layer grew on the ridges 
6a and 6b. Subsequently, a p-lnP overcladding 
layer 9, and a p-lnGaAsP layer 10 were grown 
continuously by MOVPE. 

t-6) The doped InP and 1.3 um composition 
InGaAsP which were deposited on the Y- 
branched waveguides 41a, 41b and 41c at the 
time of embedding regrowth were removed to- 
gether with p-lnGaAsP layer to form removed 
regions 22a, 22b and 22c as shown in Fig. 35. 
1-7) As shown in Fig. 36, an undoped InP layer 
23 (1.000A), an InGaAsP etch-stop layer 24 
(200A) for selective etching, and an undoped 
InP layer 25 were grown in this order in the 
removed regions 22a, 22b, and 22c, respec- 
tively. This completed the crystal growth. 

2. Electrode Formation: 



face of the waveguide of the device and on the 
side of the 1.3 um PD 44. On this occasion, 1.3 
um PD 44 and 1.5 um PD 46 absorbed light of 1.3 
um and 1.5 um in wavelength and photocurrent 

5 flowed in the both devices. Light of 1.3 um, which 
was not absorbed by the 1.3 um PD 44, was 
absorbed by the 1.3 um residual light absorbing 
region 45 and converted to photocurrent, which 
flew to ground. As a result, almost no 1 .3 um light 

w was inputted into the 1 .5 um PD 46. Figs. 38A and 
38B each illustrate dependence of photocurrent 
and crosstalk for each PD on wavelength. Fig. 38A 
illustrates dependence of crosstalk of 1.3 um PD 
while Fig. 38B illustrates dependence of crosstalk 

75 of 1.5 um PD on wavelength. In measurement, 
crosstalk c was defined as follows. 
For 1.3 um band: 

C1.3 = 10 x log(photocurrent of 1.3 um 
20 PD/photocurrent of 1 .5 um PD) 

For 1 .5 um band: 

Ci.5 = 10 x log(photocurrent of 1.5 um 
25 PD/photocurrent of 1.3 um PD) 

Figs. 38A and 38B reveals that good crosstalk 
characteristics of -24 dB were observed in the both 
bands. 

When 1.3 um light and 1.5 um light were 
inputted, light propagated also in the LD branch. 
However, influence to the LD was negligible even 
when 1 .3 um light was being received since LD did 
not have to be operated. Further, as described 
above, 1.5 um light gave no influence to LD the 
characteristics of the LD did not change while 1 .5 
um light was being received. 

While a DFB laser was used in the instant 
embodiment, a DBR laser in which diffractive grat- 
ings are arranged on both sides of the active layer 
may also be used. 

In the instant embodiment, at first a 1.1 um 
composition waveguide was grown on the substrate 
and used as a common waveguide. However, the 
waveguide 41 (including waveguide portions 41a, 
41b and 41c) may be grown simultaneously to- 
gether with 1.3 um PD's 44 and 45 and 1.5 um PD 
46 since the composition of a crystal on the ridge 
can be varied from 1.1 um composition to 1.5 um 
composition by optimizing the structure of the 
MQW. More particularly, as shown in Figs. 39A and 
39B, an MQW structure can be grown on a ridge 
which has different ridge portions sandwiched by a 
groove 4a corresponding to the 1.5 um PD 46, a 
groove 4b corresponding to the 1.3 um PD 44 and 
the 1 .3 um residual light absorbing region 45 and a 
grove 4c corresponding to the 1.1 um waveguide 
portions 41a, 41b and 41c. For the LD branch, the 



2-1) p-Electrodes were formed on 1.3 um LD 30 
42, 1.3 um PD 43, 44 and 45. and 1.5 um PD 
46, respectively, with AuZnNi/Au. 
2-2) Waveguide portion 41 was wet etched in 
the form of stripes with a selective etching solu- 
tion until the etch-stop layer was reached to 35 
form a ridge waveguide. 

2-3) An insulator was deposited everywhere ex- 
cept for electrode portion. 

2-4) Electrode pads were formed for attaching 
wiring. 40 
2-5) The substrate was ground and an n-elec- 
trode was formed with AuGeNi/Au on the side of 
the substrate. This completed fabrication of the 
device. 

Next, explanation will be made of the char- 45 
acteristics of the resulting device. Fig. 37 illustrates 
current vs. optical output characteristics when a 1 ,3 
um LD was oscillated. Threshold was 15 mA, and 
an output of 4 mW was obtained at a current of 30 
mA. Side mode suppression ratio was 28 dB. 50 

Then, explanation will be made of the char- 
acteristics of PD. Reverse bias voltage of 1 V was 
applied to the 1 .3 um PD 44, and the 1 .5 um PD 
46, and the 1.3 um residual light absorbing region 
45 was earthed so that photocurrent which was 55 
generated by residual rays would not flow into 
other PD electrodes. In this state, light of 1.3 um 
and light of 1.5 um were inputted from the left end 
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Y branched waveguide 41 may be grown simulta- 
neously together with the 1.3 urn LD 42 and the 
monitor PD 43. 

Embodiment 15 5 

Referring to Fig. 40, explanation will be made 
of an integrated optical circuit according to the 
present invention. 

In the arrangement shown in Figs. 39A and 10 
39B, there were used substantially the same com- 
ponent devices as those used in Embodiment 14 
but arranged in a manner different from that in 
Embodiment 14. In Fig. 40, reference numeral 51 is 
an active layer for LD, which active layer had 1.3 rs 
urn effective bandgap, 52 is a diffractive grating for 
constituting a DBR laser, 53 is a DBR laser portion, 
54 is a curved waveguide, 55 is a 1.3 urn residual 
light absorbing region, 56 is a 1.5 um PD portion, 
57 is a groove for cutting scattered light, 58 is a 20 
semiconductor substrate. 

Explanation will be made of the operation of 
the integrated optical circuit of the instant embodi- 
ment. Transmission of light in a 1.3 um band was 
performed using a DBR laser 53. The resonator of 25 
the laser diode comprised a cleaved facet of the 
semiconductor substrate and a diffractive grating 
52. Because of high reflectivity of the diffractive, 
laser beam was outputted almost exclusively from 
a left hand side face of the device, but no output 30 
light on the side of the PD. 

When the laser diode 53 was excited, sponta- 
neous emission occurs as well as lasing. The spon- 
taneous emission light is not a guided light and, 
hence, it is possible to prevent it from being input- 35 
ted into the 1.5 um PD portion 56 by the introduc- 
tion of a curved waveguide 54 (Fig. 40). While light 
propagates in a waveguide, there occurs scattered 
light. Inputting of such scattered light into a 1.5 um 
PD portion 56 can be prevented by the provision of 40 
a scattered light cutoff groove 57 for cutting scat- 
tered light off. With the above-described construc- 
tion, there can be reduced crosstalk to the 1.5 um 
PD portion 56 when a 1.3 um light is transmitted. 

On the other hand, upon reception of a 1.3 um 45 
light, the laser diode 53 serves as a detector. 
Optical system which uses the device of the instant 
embodiment is a ping-pong two-way communica- 
tion as described above, this type of application is 
possible. 1.3 um light which has not been ab- 50 
sorbed by the laser-and-detector propagates 
through the curved waveguide to reach the 1 .3 um 
residual light absorbing region 53 and absorbed 
thereby, but does not enter the 1.5 um PD portion 
56. Upon reception of 1.5 um light, the light propa- 55 
gates through the DBR laser (LD) portion 53, the 
curved waveguide 54 and 1.3 um residual light 
absorbing region 55 to reach 1 .5 um PD portion 56 



where the light is absorbed and converted into 
photocurrent. 

The integrated optical circuit according to the 
instant embodiment can be fabricated substantially 
in the same manner as in Embodiment 14 above. 
Also, the 1.3 um LD and 1.3 um PD as well as 1.5 
um PD had the same characteristics as those used 
in Embodiment 14 above. 

As described concretely with reference to Em- 
bodiments 14 and 15 above, an integrated optical 
circuit of the present invention which includes a 
semiconductor light emitting diode, a first semicon- 
ductor detector, and a second semiconductor de- 
tector which detects light having a wavelength 
longer than that of light which can be detected by 
the first detector, and a wavelength filter provided 
between the first and the second detectors, and 
optical waveguides connecting these components 
to each other can be operated as a transmission 
device for transmitting light of first wavelength and 
as a detector for detecting light of second 
wavelength. 

Embodiment 16 Spot Size Converter 

Figs. 41 through 43 show a spot size converter 
according to one embodiment of the present inven- 
tion. The spot size converter of the instant embodi- 
ment was fabricated as follows. First, there was 
formed on an InP substrate 1 a 2 um thick 5 um 
composition InGaAsP layer 61. A part of the In- 
GaAsP layer 61 was removed by RIE etching with 
chlorine gas so that two tapered grooves 4d and a 
ridge 3d were formed. Thus, there was obtained a 
structure as shown in Fig. 41. On the front face of 
the substrate 1, the width of the ridge 3d was 5 
um, and the width (gap distance) of the groove d 
was 10 um. On the rear face of the substrate, the 
width of the ridge 3d was 1.5 um and the gap 
distance of the groove 4d was 3 um. The ridge had 
a uniform height overall the substrate, which was 2 
um. Near the rear face of the substrate 1, there 
was formed a portion where the ridge 3d and the 
grooves 4d are parallel to each other. However, 
formation of this parallel portion is not mandatory. 
On the contrary, such a parallel portion may be 
provided near the front face of the substrate 1 . 

Next, the above-described structure having the 
substrate 1 and the ridge 3d formed thereon was 
used as a substrate for epitaxial growth. That is, a 
150A thick InGaAsP layer of 1.1. um composition 
was grown on the structure by MOVPE or MOMBE 
to obtain a barrier layer 3d. Then, on the barrier 
layer 6d, there was grown a 17A thick InGaAs well 
layer 6e. This procedure was repeated until there 
was obtained a quantum well structure 6 of a total 
thickness of about 0.3 um. Subsequently, a 2 um 
thick InGaAsP layer 62 of 1.35 um composition 



27 



51 



EP 0 617 471 A2 



52 



was grown, and finally an InP layer 63 was grown 
to a thickness of 2 um. Figs. 42 and 43 show front 
end face and rear end face, respectively, of the 
spot size converter, with schematic enlarged views 
of the resulting MQW structure at its frond end face 
and rear end face, respectively. 

The width of the ridge 3d on the rear end face 
of the device was 1 .5 urn as described above, and 
the width of the grooves 4d was 3 urn. From this, it 
follows that the bandgap of the MQW structure 6 
became 1.0 um as will be apparent from Fig. 7 
illustrating dependence of photoluminescence peak 
wavelength on the ridge shape factors. Further, 
since the MQW layer 6 on the side surface of the 
ridge 3d was thinner than on the upper surface of 
the ridge 3d as shown in Fig. 43, the guided light 
was confined in the MQW layer 64 on the ridge as 
a core, or a cavity, having a thickness of about 0.3 
um and a width of about 1.5 um. The spot size 
was within the range of about 1.5 um to about 2 
um, which corresponded to the spot size of the 
semiconductor device. 

Similarly, the width of the ridge 3d on the front 
end face of the device was 5 um as described 
above while the width of the grooves was 10 um. 
Hence, the bandgap of the MQW structure 6 was 
1.35 um on the front end face of the device as will 
be apparent from the dependence of 
photoluminescence peak wavelength on the ridge 
shape factors as illustrated in Fig. 7. As a result, 
the refractive index of the MQW structure 6 be- 
came substantially the same as or smaller than the 
layer 61 constituting the ridge 3d. Therefore, on the 
front end face of the device, there was formed a 
buried ridge structure of about 4.5 um thick and 
about 5 um wide including the layers 61 , 6 and 62 
as a core and the layers 1 and 63 as upper and 
lower cladding layers, respectively. In this case, the 
center of the core layer was in the layer 6, resulting 
in that guided light was able to be transmitted from 
a state in which it is confined by the MQW struc- 
ture 64 on the rear end face of the device to 
another state in which it is confined by the layers 
61, 6 and 62 on the front end face of the device 
without causing any misalignment. As a result, on 
the front end face of the device, there was formed 
a waveguide having a spot size enlarged to 4 to 5 
um, which was of a similar dimension as optical 
fibers. 

A flat end fiber was connected to the front end 
face of the resulting device and connection loss 
was measured. As a result, it was confirmed that 
the loss was not higher than 0.5 dB, and allowance 
of connection was ± 2.4 um for a tolerance of 1 
dB. 

In the instant embodiment, wile the width of the 
ridge was enlarged to 5 um on the front end face 
of the device, the effect of spot size enlargement 



can be obtained even when the ridge width was 
kept at a constant value if the groove width (gap 
distance) was varied as confirmed from the results 
illustrated in Fig. 7. This is believed to be attrib- 

5 utable to the fact that difference in refractive index 
between the core and cladding is small in a direc- 
tion horizontal to the surface of the substrate on the 
front end face of the device and, hence, guided 
light evanesces to the region of cladding so that 

w the effective spot size can be enlarged. 

Embodiment 17 

Figs. 44 through 46 illustrate a spot size con- 

75 verier according to another embodiment of the 
present invention. As a substrate for growing a 
MQW layer, a nonplanar structure similar to that 
used in Embodiment 16 was used. In the instant 
embodiment, a diffractive grating 13 was formed on 

20 a portion of the upper surface of the ridge 3d, as 
shown in Fig. 44. The layers 1 and 61 were doped 
with impurities so that they were converted to n- 
type in conductivity. After a MQW layer 6 was 
grown in the same manner as in Embodiment 16, a 

25 p-lnGaAsP layer 65 was grown as proposed by 
Kondo, et al. (Japanese Patent Application Laying- 
open No. Hei-5-1 02607 (1991)). That is, after the 
MQW layer 6 was grown, a stripe mask (not 
shown) was formed only above a MQW layer 64 

30 that was positioned on the ridge 3d. the MQW 
layer 6 around the layer 64 was etched off using a 
RIE apparatus to render the layer 64 mesa-struc- 
ture. Thereafter, the mask was removed. 

Subsequently, on the thus processed surface, 

35 an n-lnP or InGaAsP layer 66 was grown, followed 
by growing a p-lnGaAsP layer 62 and an InP layer 
63 as welt as by forming an electrode 67 on a part 
of the uppermost layer. As a result, the structure as 
shown in Fig. 44 was formed on the rear end face 

40 of the device. This was a laser diode structure 
including the n-lnP layers 1 and 63 as current 
blocking layers, which operated as a DFB laser 
diode when electrodes were formed on both upper 
and lower faces of the device. 

45 On the other hand, the refractive index distribu- 

tion on the front end face of the device was sub- 
stantially the same as that of the device obtained in 
Embodiment 16 and, hence, the device of the 
instant embodiment also had a waveguide structure 

so with an enlarged spot size. 

Therefore, in the instant embodiment, mon- 
olithically integrated optical device having a spot 
size-enlarged waveguide and a DFB laser can be 
fabricated by a single epitaxial growth. 

55 In the instant embodiment, there may be fab- 

ricated a device using a substrate in which the 
thickness of the layer 61 is 4 um of which 2 um 
has been processed to form a ridge, as well as p- 
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InP layers as the layers 62 and 65 and an n-lnP 
layer as the layer 66. In this case, the centers of 
the spots of the guided light does not align on the 
front and rear end faces. However, this structure is 
advantageous in that the structure of the p-cladding s 
layer is simplified and confinement of current by 
pnpn structure can be performed effectively. 

In the instant embodiment, when no diffractive 
grating 13 is fabricated, the device can be used as 
is as a photodetector diode so that there can be io 
realized a waveguide type photodiode having high 
coupling efficiency with optical fibers. 

Embodiment 18 

15 

Figs. 47 through 49 illustrate a spot size con- 
verter according to still another embodiment of the 
present invention. The device of the instant em- 
bodiment has a structure similar to that shown in 
Fig. 44 through 46 except that in the instant em- 20 
bodiment, a ridge shape (ridge width and gap 
distance)-modulated structure was provided also on 
the rear end face of the device in addition to that 
on the front end face of the device, with the former 
being arranged in a direction opposite to the former 25 
(Fig. 47). Fig. 48 shows structures of the device on 
its front and rear end faces after epitaxial growth 
performed in the same manner as in the preceding 
embodiments. Fig. 49 is a cross sectional view 
showing a central region of the device where the 30 
ridge width and gap distance are relatively small. In 
Fig. 49, same or like structures are indicated by 
same references, and detailed description are omit- 
ted here. 

Anti-reflection coating was provided on both 35 
end faces of the device having the above-de- 
scribed construction and p- and n-electrodes (not 
shown) were provide on both faces of the sub- 
strate. Upon injection of current to the electrode, a 
semiconductor amplifier having high coupling effi- 40 
ciency with optical fibers can be obtained. 

Further, in the instant embodiment, when polar- 
ity of applied voltage is reversed, an optical 
modulator utilizing confined Stark effect can be 
realized. 45 

In the instant embodiment, while the propaga- 
tion of 1.5 urn light was explained taking an exam- 
ple of InGaAsP based materials, there may be 
used also other materials, for example, InAIGaAs 
based materials, or both of the InGaAsP based 50 
materials and InAIGaAs based materials. Further, in 
other wavelength regions such as 1.3 urn, similar 
effects can be obtained by selecting types of ma- 
terial and composition. 

As described concretely in Embodiments 16 55 
through 18, the present invention enables enlarge- 
ment of spot size of the waveguide in an optical 
device by a simple fabrication process. As a result, 



there can be realized integration of semiconductor 
devices with high performance and high reliability. 

The present invention has been described in 
detail with respect to an embodiment, and it will 
now be apparent from the foregoing to those skilled 
in the art that changes and modifications may be 
made without departing from the invention in its 
broader aspects, and it is the intention, therefore, in 
the appended claims to cover all such changes and 
modifications as fall within the true spirit of the 
invention. 

An optical functional device includes a semi- 
conductor substrate(1 ), an optical functional layer 
provided on said semiconductor substrate and se- 
lected from the group consisting of a light emitting 
layer(42), a light absorbing layer (45), and an op- 
tical waveguide layer (41). The optical functional 
layer has a multi-quantum well layer (6). Preferably, 
the semiconductor substrate(l) is a nonplanar 
semiconductor substrate having a ridge(3) and two 
grooves(4) adjacent said ridge, said ridge having(3) 
a ridge width(dw) of from 1 to 10 urn, a ridge 
height(h) of from 1 urn to 5 urn, and a gap 
distance(dg) of from 1 urn to 10 urn. Such an 
optical functional device can be fabricated by grow- 
ing, on a nonplanar semiconductor substrate(l) 
having a specified dimension of the ridge(3), a 
strained multi-quantum well layer(6) by metalor- 
ganic vapor phase epitaxy. Integrated optical de- 
vice or circuit preferably includes an optical func- 
tional device on the nonplanar semiconductor 
substrate(l) of a specified range of ridge shape 
factors. An integrated optical device can be fab- 
ricated by combination of a plurality of optical 
functional devices having slightly different composi- 
tions and including a part of a strained multi- 
quantum well layer(6) monolithically grown on a 
nonplanar semiconductor substrate(6). 

Claims 

1. An optical functional device characterized by 
comprising: 

a semiconductor substrate; 

an optical functional layer provided on said 
semiconductor substrate and selected from the 
group consisting of a light emitting layer, a 
light absorbing layer, and an optical waveguide 
layer; 

said optical functional layer characterized 
by comprising a multi-quantum well layer; and 

said semiconductor substrate being a non- 
planar semiconductor substrate having a ridge 
and two grooves adjacent said ridge, said 
ridge having a ridge width of from 1 to 10 urn, 
a ridge height of from 1 urn to 5 urn, and a 
gap distance of from 1 u.m to 10 am. 
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2. The optical functional device as claimed in 
claim 1 : characterized in that said ridge has an 
upper face and a side face; and 

characterized in that said ridge has a dif- 
fractive grating on at least one of said upper 
and side surfaces. 

3. An optical functional device characterized by 
comprising: 

a nonplanar semiconductor substrate; 

a ridge provided on said nonplanar semi- 
conductor substrate, said ridge having an up- 
per face and a side face; 

an optical functional layer provided on said 
nonplanar semiconductor substrate and select- 
ed from the group consisting of a light emitting 
layer, a light absorbing layer, and an optical 
waveguide layer; 

an active layer formed in said optical func- 
tional layer and having a multi-quantum well 
structure, said active layer having a first por- 
tion and a second portion, said first portion 
being provided above said ridge and said sec- 
ond portion being provided above a portion of 
said semiconductor substrate other than said 
ridge; 

said first portion of said active layer having 
a composition different from a composition of 
said second portion of said active layer; and 

a diffractive grating provided on at least 
one of said upper face and said side face of 
said ridge. 

4. The optical functional device as claimed in 
claim 1, characterized in that said ridge width 
is from 1 um to 5 urn; and 

characterized in that said multi-quantum 
well structure comprises a monolithic crystal 
having different compositions in a direction of 
a cavity; 

said optical functional device having os- 
cillating or detecting characteristics varying in 
a direction of said cavity. 

5. The optical functional device as claimed in 
claim 4, characterized in that said upper face 
of said ridge has a diffractive grating whose 
pitch is varied in accordance with said com- 
position of said crystal above said ridge; 

said optical functional device having a fac- 
et through which light transmits, and emitting a 
plurality of light beams at single longitudinal 
mode out of said facet or receiving a light 
beam or beams having a wavelength or 
wavelengths shorter than a predetermined 
wavelength through said facet. 



6. The optical functional device as claimed in 
claim 4, characterized in that said ridge has 
provided therein an optical guide layer. 

5 7. The optical functional device as claimed in 
claim 1, characterized in that said ridge width 
is from 1 um to 5 urn; 

said ridge having a shape whose ridge 
width, ridge height or gap distance being var- 
iq ied in a transverse direction; 

said optical functional device having os- 
cillating or detecting characteristics which vary 
in said transverse direction. 

75 8. the optical functional device as claimed in 
claim 7, characterized in that said upper face 
of said ridge has a diffractive grating whose 
pitch is varied in accordance with said com- 
position of said crystal above said ridge; 

20 said optical functional device emitting a 

light beam at single longitudinal mode or re- 
ceiving a light beam or beams having a 
wavelength or wavelengths shorter than a pre- 
determined wavelength in a direction parallel to 

25 said direction of cavity. 

9. The optical functional device as claimed in 
claim 1, characterized in that said optical func- 
tional layer is a semiconductor light emitting 

30 layer; and 

characterized in that said grooves are 
formed thereon with a semiconductor thin film 
layer having a conductivity type different from 
that of said semiconductor substrate. 

35 

10. The optical functional device as claimed in 
claim 1, characterized in that said optical func- 
tional layer is a semiconductor light emitting 
layer; and 

40 characterized in that said ridge on said 

nonplanar semiconductor substrate has a ridge 
shape of anti-mesa structure. 

11. The optical functional device as claimed in 
45 claim 1, characterized in that said optical func- 
tional layer is a semiconductor light emitting 
layer; and 

characterized in that said nonplanar semi- 
conductor substrate has formed thereon a 
so semiconductor buffer layer. 

12. An integrated optical device characterized by 
comprising: 

a nonplanar semiconductor substrate hav- 
55 ing a ridge shape; 

a plurality of optical functional devices ar- 
ranged on said nonplanar semiconductor sub- 
strate and selected from the group consisting 
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of a light emitting device and a detecting de- 
vice; 

said plurality of optical functional devices 
being connected to each other operationally so 
that characteristics of said plurality of optical 
functional devices can be combined function- 
ally; 

said plurality of optical functional devices 
each characterized by comprising a part of a 
strained multi-quantum well layer formed on 
said monolithically; 

at least a part of said plurality of optical 
functional devices having a composition or re- 
spective compositions different in composition 
from each other. 

13. The integrated optical device as claimed in 
claim 12, characterized in that said nonpianar 
semiconductor substrate is provided with a 
ridge having a ridge width of from 1 to 10 um, 
a ridge height of from 1 um to 5 um, and a 
gap distance of from 1 um to 10 um. 

14. The integrated optical device as claimed in 
claim 12, characterized in that said ridge has 
an upper face and a side face; and 

characterized in that said ridge has a dif- 
fractive grating on at least one of said upper 
and side surfaces. 

15. The integrated optical device as claimed in 
claim 14, characterized in that said diffractive 
grating has a period varying in accordance 
with a position at which said diffractive grating 
is arranged. 

16. An integrated optical device characterized by 
comprising: 

a nonpianar semiconductor substrate; 

a ridge provided on said nonpianar semi- 
conductor substrate, said ridge having an up- 
per face and a side face; 

a light emitting portion provided on said 
nonpianar semiconductor substrate and includ- 
ing an optical functional device; 

a detecting portion provided on said non- 
planar semiconductor substrate and including 
an optical device; 

said light emitting portion and said detect- 
ing portion being arranged in parallel to and 
optically connected each other; 

a semiconductor optical waveguide opti- 
cally connected to said light emitting portion 
and said detecting portion, said optical 
waveguide including an optical functional de- 
vice and having a common inputting and out- 
putting portion connected to said optical func- 
tional device; 



said optical functional devices being con- 
nected to each other operationally so that char- 
acteristics of said optical functional devices 
can be combined functionally; 

5 said optical functional device in said light 

emitting portion having a light emitting device 
which emits light having a first wavelength and 
a detecting device which detects an output of 
said light emitting device; 

'o said optical functional device in said de- 

tecting portion having a detecting device which 
detects said light having said first wavelength, 
a wavelength filter which absorbs said light 
having said first wavelength, and a detecting 

75 device which detects light having a second 

wavelength; and 

said integrated optical device having a 
function of emitting and detecting two light 
beams which have different wavelengths and 
20 which propagate in said common inputting and 

outputting portion. 

17. An integrated optical device characterized by 
comprising: 

25 a nonpianar semiconductor substrate; 

a ridge provided on said nonpianar semi- 
conductor substrate; 

a light emitting portion which is provided 
on said nonpianar semiconductor substrate 
30 which exhibits a light emitting function and a 

detecting function; 

a detecting portion which is provided on 
said nonpianar semiconductor substrate and 
which exhibits a detecting function; 
35 a semiconductor optical waveguide which 

is optically connected to said light emitting 
portion and said detecting portion; 

said light emitting portion having a light 
emitting device which emits light having a first 
40 wavelength and a reflector having a diffractive 

grating, said light emitting portion exhibiting a 
light emitting function and a function of detect- 
ing said light having said first wavelength; 

said detecting portion having a wavelength 
45 filter which absorbs light having said first 

wavelength, and a detecting device which de- 
tects light having a second wavelength, said 
detecting portion exhibiting a function of de- 
tecting a wavelength filter which absorbs said 
so light haven; said integrated optical device ex- 

hibiting a function of emitting and detecting 
two light beams which have wavelengths differ- 
ing from each other and which propagate in 
said common inputting and outputting portion. 

55 

18. An optical device characterized by comprising: 
a nonpianar semiconductor substrate; 
a ridge provided on said nonpianar semi- 
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conductor substrate; 

an optica! waveguide provided on said 
nonplanar semiconductor substrate; 

a quantum well layer formed on said op- 
tical waveguide and having a multi-quantum 5 
well structure; 

said ridge having a dimension varied from 
one end thereof toward another end thereof so 
that said quantum well layer has a composition 
or thickness which is varied form one end io 
toward another end of said optical waveguide 
and a light wave propagating in said 
waveguide is converted of its spot size. 

19. A method for fabricating an optical functional 75 
device having at least one optical functional 
layer selected from the group consisting of a 
light emitting layer, an absorbing layer and an 
optical waveguide layer, characterized by com- 
prising the steps of: 20 

providing a nonplanar semiconductor sub- 
strate having a ridge of which a ridge width is 
from 1 urn to 10 urn, a ridge height is from 1 
um to 5 urn, and a gap distance is from 1 urn 
to 10 um; and 25 

growing a strained multi-quantum well lay- 
er on said nonplanar semiconductor substrate 
by metalorganic vapor phase epitaxy. 

20. The method for fabricating an optical functional 30 
device as claimed in claim 19, further char- 
acterized by comprising the steps of: 

providing a planar semiconductor sub- 
strate; 

forming a semiconductor protective thin 35 
film layer having a composition different from 
that of said planar semiconductor substrate; 
and 

processing said planar substrate having 
said protective thin film layer to render said 40 
planar substrate nonplanar. 

21. A method for controlling optical characteristics 
of an optical functional device having a semi- 
conductor substrate, at least one optical func- 45 
tional layer selected from the group consisting 

of a light emitting layer, a detecting layer and 
an optical waveguide layer, the method char- 
acterized by comprising the steps of: 

providing as said semiconductor substrate 50 
a nonplanar semiconductor substrate having a 
ridge of a selected shape of which a ridge 
width is from 1 um to 10 um, a ridge height is 
from 1 um to 5 um, and a gap distance is 
from 1 um to 10 um; and 55 

growing a multi-quantum well structure on 
said nonplanar semiconductor substrate by 
metalorganic vapor phase epitaxy to form said 



at least optical functional layer; 

whereby varying a composition of said 
multi-quantum well structure formed on said 
ridge to change optical characteristics hereof. 

22. The method for controlling optical characteris- 
tics of an optical functional device as claimed 
in claim 21, characterized in that said optical 
characteristics is a bandgap or refractive index 
of said quantum well structure, and 

characterized in that at least one of said 
ridge width, ridge height and gap distance is 
varied from one end toward another end of 
said waveguide on said ridge. 

23. The method for controlling optical characteris- 
tics of an optical functional device as claimed 
in claim 21, 

characterized in that said optical character- 
istics is a light emitting characteristics or de- 
tecting characteristics of said optical functional 
device; and 

characterized in that at least one of said 
ridge width, ridge height and gap distance is 
varied in a longitudinal direction, so that said 
light emitting characteristics or said detecting 
characteristics of said optical functional device 
can be varied in a direction of a cavity. 

24. The method for controlling optical characteris- 
tics of an optical functional device as claimed 
in claim 21, 

characterized in that said optical character- 
istics is a light emitting characteristics or de- 
tecting characteristics of said optical functional 
device; and 

characterized in that at least one of said 
ridge width, ridge height and gap distance is 
varied in a transverse direction to form an 
array-like optical functional device, so that said 
light emitting characteristics or said detecting 
characteristics of said optical functional device 
can be varied in a transverse direction. 
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